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ABSTRACT 
 
The role of plants in Neanderthal subsistence is less well known than the role of 
animals due to differences in preservation and a subsequent lack of study. Phytoliths, the 
silica infillings of plant cells, are more durable than organic components of plants and 
can be used to reconstruct human activities, local plant ecology, and diagenetic alteration 
of archaeological sediments. This dissertation, comprising three articles, examines the 
relationship between Neanderthals and plants during the Middle Paleolithic (ca. 100,000-
40,000 BP) of southwest France using phytolith analysis. 
The first article provides an analysis of the phytoliths recovered from the cave site 
of Roc de Marsal, relating phytolith concentrations and identifications to environmental 
change, natural deposition, and Neanderthal pyrotechnology. The analysis of 115 
phytolith samples provides evidence for spatial patterning in plant remains related to 
hearth features and diachronic change in plant use coincident with a shift from warm 
stadial to cold glacial conditions.  
  
The second article applies morphometric statistics to a specific class of phytoliths, 
grass cells known as bilobates, to understand the range of variation within and among 
grass genera and to compare these results with an archaeological phytolith assemblage. 
More than 200 archaeological bilobates from Roc de Marsal are compared with those 
from seven modern reference specimens to assess these links. The analysis of the modern 
material indicates that some species are good candidates for morphometrics, but others 
should be avoided. The range of variation and lack of patterning in the archaeological 
assemblage suggest that Neanderthals at this site used multiple grass species. 
The third article presents the analysis of 102 phytolith samples from Pech de 
l’Azé IV in comparison to those from Roc de Marsal. The two sites are similar in terms 
of chronology, stratigraphy, artifacts, and preserved combustion features, but there are 
key differences in the structure/morphology of hearths and phytolith densities. The 
comparison of these two sites highlights variation in Neanderthal pyrotechnology and 
fuel use. The analysis also indicates that different phytolith recovery protocols are needed 
to maximize phytolith extraction due to differences in formation processes between sites 
and should be evaluated on a site by site basis.   
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 1 
 
CHAPTER ONE: INTRODUCTION 
 
 Enduring questions related to Neanderthal subsistence and technology ask how 
these hominins moved through their environments and used resources around them to 
persist through ~200,000 years of climate change (Fiorenza et al. 2015). Many such 
studies focus on the stone tools (e.g., Delagnes and Rendu 2011) and faunal remains (e.g., 
Britton et al. 2011) left behind by Neanderthals, or regional scale environmental records, 
such as marine or pollen cores and speleothems (e.g., Couchoud et al. 2009). 
However, primarily due to preservation issues and a lack of study, the plant 
component of the picture is often missing. To combat this issue, researchers are turning to 
the more durable and often microscopic remains of plants to fill in these gaps (Pearsall 
and Piperno 1993; Pearsall 2000; Piperno 2006). These microremains, specifically the 
silica pseudomorphs of plant cells known as phytoliths, are uniquely positioned to 
provide information about both the landscape that once surrounded an archaeological site 
and the behaviors of the Neanderthals that led to the deposition of the plant remains 
within the sites (e.g., Madella et al. 2002; Cabanes et al. 2010; Albert et al. 2012). Such 
research has demonstrated the effectiveness of phytolith analysis for shedding light on the 
relationship between Neanderthals and plants, especially when used in conjunction with 
geoarchaeological techniques, including sediment micromorphology and Fourier 
transform infrared spectroscopy (FTIR) (Shillito 2011; Albert et al. 2012; Rodriguez-
Cintas and Cabanes 2017). 
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 This dissertation, which takes the form of three article manuscripts, is based on 
phytolith analysis from three Middle Paleolithic cave sites in the southwest of France. 
The analysis primarily focuses on the site of Roc de Marsal, while the site of Pech de 
l’Azé IV is used as a comparative case study to highlight specific interpretive issues. The 
analysis of the phytoliths from Roc de Marsal forms the first article and provides a 
baseline for understanding the deposition and post-depositional alteration of microscopic 
plant remains at Middle Paleolithic cave sites. The research presented in the second 
article applies a quantitative approach, phytolith morphometrics, to assess phytolith size 
and shape variation in both modern plant communities and archaeological assemblages. 
Finally, the third article compares phytoliths from the sites of Pech de l’Azé IV and Roc 
de Marsal to begin to evaluate the role that both Neanderthal activity and site formation 
processes have on the formation of phytolith assemblages. This research adds to a 
growing compendium of information about Neanderthal plant use and is among the first 
to apply phytolith analysis to archaeological sites of the Middle Paleolithic in France. 
 
Neanderthal Subsistence and Technology 
 
Lithic and Faunal Analyses 
 The study of Neanderthal subsistence has largely focused on behaviors related to 
the procurement and consumption of animals as the basis for Neanderthal subsistence 
strategies, with an emphasis on the lithic artifacts used in hunting and butchery (e.g., 
Daujeard and Moncel 2010; Delagnes and Rendu 2011; Lazuén 2012) and faunal remains 
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(e.g., Marean and Assefa 1999; Costamagno et al. 2006; Niven et al. 2012; Discamps 
2013; Castel et al. 2016) that are nearly ubiquitous at Mousterian sites. Through the 
quantification of faunal remains and identification of specific bone elements at an 
archaeological site, zooarchaeologists examine how Neanderthals procured game (e.g., 
Rendu 2010; Niven et al. 2012), used animals within a site (e.g., Costamagno et al. 2006), 
and processed carcasses (e.g., Patou-Mathis 2000). By analyzing the shape, production 
sequence, and raw materials of stone tools, the technology and function of lithics used in 
subsistence behaviors can be explored. Stone tool analysts use techniques such as the 
experimental reproduction of lithic objects (e.g., Boeda 1994; Inizian et al. 1992) or use-
wear analysis of the polish and residues on stone tools (e.g., Hardy 2004; Henry et al. 
2014) to understand how tools were created and how they may have been used. The raw 
material of lithic objects can also be used to examine procurement and transportation 
strategies employed by Neanderthals (Delagnes and Rendu 2011). While the analysis of 
faunal remains and lithics is vital to our understanding of Neanderthal behavior and 
subsistence, these analyses do not shed light on what the plant component of these 
behaviors might have been. 
 
Charcoal Analysis and Fuel Use 
Plant remains are often less durable than other types of artifacts, and many types 
of plant material must be subjected to specific preservation circumstances to persist in the 
archaeological record, such as carbonization or mineralization (Pearsall 2000). Because 
of this limitation, there is an underrepresentation of the part plants played in Neanderthal 
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subsistence and technology. Wood charcoal and other plant parts that have been exposed 
to fire and fully carbonized are likely to be recovered from some types of Middle 
Paleolithic archaeological sites (Berna and Goldberg 2008; Théry-Parisot et al. 2010), but 
other types of plants, including those used for food, ground covering, tools, etc. are much 
more likely to have decayed over time (Cabanes et al. 2010; Fiorenza et al. 2015; Wadley 
et al. 2011).  
Because of its durable nature and frequent appearance in Middle Paleolithic sites, 
charcoal is the foundation for understanding how Neanderthals used certain types of 
plants. Neanderthal pyrotechnology is a source of constant debate in the field, including 
the discussion of whether Neanderthals could create and control fire (Aldeias et al. 2012; 
Dibble et al. 2017; Sandgathe et al. 2011b) and the types of fuel they employed (Albert et 
al. 2012; Marquer et al. 2012; Théry-Parisot 2002a). The first issue has proven difficult to 
assess archaeologically as some sites have evidence for fire use throughout the Middle 
Paleolithic while others do not. For example, many of the sites in the southwest of 
France, including Roc de Marsal and Pech de l’Azé IV, have evidence for extensive fire 
use and combustion features in layers that have been dated to the warm, stadial period of 
Marine Isotope Stage (MIS) 5e (Sandgathe et al. 2011b), while in the layers associated 
with a glacial climate (MIS 4) there is a striking absence of fire residues. It has been 
argued that this pattern is the result of Neanderthals gathering and using fire when it is 
available in the landscape, perhaps due to increased lightning strikes in warmer periods, 
but ultimately lacking the ability to create fire (Dibble et al. 2017). However, other 
analyses seem to indicate that lightning strikes are no more prevalent during stadial than 
 5 
 
glacial periods (Sorensen 2017). There are also other parts of the Neanderthal range 
where these hominins used fire throughout their occupation of the region, such as the 
Near East and Caucasus (Roebroeks and Villa 2011).  
The debate regarding fuel use continues due to the variety of remains recovered 
from Middle Paleolithic combustion features, and studies have demonstrated that 
Neanderthals employed multiple types of fuel for varying reasons. Allué et al. (2017) 
found evidence for local gathering of Pinus sylvestris (Scots pine) for fuel at the site of 
Abric Romani in northeast Spain. At Les Canalettes in France, remains of Mousterian fire 
features dated to the last glacial period included remains of burnt lignite (brown coal), 
likely used as fuel when wood was scare (Théry et al. 1996; Goldberg and Sherwood 
2006). Continued experimental work on the subject demonstrated that adding coal to fires 
extends the burning time while also decreasing the amount of wood consumed (Théry-
Parisot 2000; Théry-Pariost and Meignen 2001). Additionally, there is evidence from the 
early Upper Paleolithic deposits at Abri Pataud, France, that bone may have been added 
to fire features for its long-burning properties with the dual purpose of waste disposal 
(Théry-Parisot 2005). However, Marquer et al. (2010) found that changes from warmer 
periods with abundant wood resources to cooler periods with fewer plant resources may 
have influenced the proportion of wood versus bone in hearths at Abri Pataud. Although 
these analyses took place on Upper Paleolithic deposits, it is possible that similar 
situations took place in Middle Paleolithic sites. Thus, fuel use must be analyzed on a 
case by case basis to better understand Neanderthal pyrotechnology. 
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Plant Macroremains 
Other than wood charcoal, plant macroremains are scarce in Middle Paleolithic 
archaeological sites, and most examples have been found in the Near East and Spain. At 
Kebara Cave in Israel, researchers found charred grass seeds, legumes, and nut remains 
(Bar-Yosef et al. 1992; Bar-Yosef 2004; Lev et al. 2005). In Syria at Dourara Cave, 
Akazawa (1987) recovered the carbonized endocarp of two Celtis (hackberry) species 
and Boraginaceae (borage family) nutlets. Finally, at Gorham’s Cave in Gibraltar, Barton 
et al. (1999) were able to identify charred plant remains from wild olive pits and pine 
nuts. These macrobotanical analyses indicate that many Neanderthals were utilizing a 
variety of gathered plant resources as part of their subsistence patterns. 
However, plant macroremains are affected by a variety of taphonomic factors and 
often only preserve in circumstances that remove or replace the more delicate, organic 
components with inorganic materials, such as carbonization or fossilization (Pearsall 
2000). These preservation constraints are compounded by the great age of Middle 
Paleolithic sites, and it is clear from the above discussion that only the most robust plant 
remains survive (e.g., nut shells or partially mineralized seeds like those of Celtis). 
Moreover, many of these remains can also be deposited in sites through natural 
processes; for example, Celtis can often be found as part of bird droppings. Thus, 
paleoethnobotanists frequently turn to the microbotanical record to provide a more 
nuanced understanding of the relationship between Neanderthals and plants, as these 
plant remains are more durable in the archaeological record. 
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Middle Paleolithic Plant Microremains 
 
The Near Eastern Evidence 
Plant microremains, specifically phytoliths, starches, and even DNA markers, can 
be recovered from a greater variety of sources than most plant macroremains, including 
sediments, dental calculus, stone tools, and coprolites. However, as with macroremains, 
the majority of Middle Paleolithic microremain studies comes from the Near East and 
Spain. Some studies, such as those of the phytoliths from Kebara Cave (Albert et al. 
2000, 2012) or Tabun Cave, Israel (Albert et al. 1999), have shown that Neanderthals 
brought substantial amounts of wood and bark to the sites, likely to use as fuel. However, 
at Amud Cave, Israel (Madella et al. 2002), and Tor Faraj, Jordan (Henry et al. 2004), 
phytoliths indicate the use of a wider variety of plant resources, including phytoliths from 
grass inflorescences that may have been related to seed collection. Henry et al. (2011) 
identified starch granules from the dental calculus of Neanderthals at Shanidar, Iraq, as 
grass seed starches, likely from the Triticeae tribe. Though more specific identification 
was not possible, several of the starch granules appeared very similar to various Hordeum 
species, several starches possibly originated in legumes, and some had damage 
characteristic of cooking or heating (Henry et al. 2011).  
 
The European Evidence 
At Esquilleu cave, Spain, Cabanes et al. (2010) found large accumulations of 
wood/bark phytoliths related to the extensive use of these materials as fuel, as well as 
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grass phytoliths in the sediments near hearths indicating repeated use of the area for 
matting or bedding. Studies of phytoliths and starches in dental calculus from Sima de las 
Palomas, Spain (Salazar-García et al. 2013), recovered polyhedral phytolith multi-cells 
from leafy plant matter, and phytoliths from the hard endosperm of seeds or nuts. At the 
same site, Salazar-Garcia et al. (2013) recovered starches of unspecified underground 
storage organs from both Neanderthal dental calculus and stone tools. At El Sidron, 
Spain, Hardy et al. (2012) also found starch remains embedded in Neanderthal dental 
calculus and, although these microremains could not be identified to a specific genus, the 
assemblage was made up of a variety of starch granules with different sizes and shapes 
that may have originated in multiple plant genera. Moreover, Hardy et al. (2012) found 
damage and cracking on the exterior of the granules that are linked to heating starches.  
In other parts of Europe, much of the plant microremain evidence is based on the 
analysis of stone tool residues. At La Quina, France, Hardy (2004), sampled freshly 
excavated stone tools for residues or use-wear patterns related to plant processing. He 
found eight categories of plant residues, including raphides (calcium oxalate crystals that 
occur in plant tissues), pollen, and wood fiber. Stone tools and dental calculus from La 
Quina were also analyzed by Henry et al. (2014), where they recovered Triticeae 
starches, some with possible damage related to processing. Henry et al. (2014) also 
studied tools from the site of Abri des Merveilles, France, and were able to recover 
Triticeae starch, as well as that of the Andropogoneae or Paniceae grasses. Stone tool 
residues related to starchy plant processing were also noted on lithics recovered from 
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Payre in the Rhone Valley of France, in addition to possible use-wear signatures of wood 
working (Hardy and Moncel 2011).  
Only one study in France has analyzed phytoliths from archaeological sediments 
at a Middle Paleolithic site. At Grotte XVI the research primarily focused on the 
geoarchaeological analysis of the site, with phytolith analysis used to compliment 
investigations of diagenesis and post-depositional alteration of sediments (Karkanas et al. 
2002). Additionally, it was hypothesized by the original excavators of Grotte XVI that 
Neanderthals were using lichens as fuel during glacial periods when other fuel sources 
were scarce. Although modern comparative material from local lichens was assessed, no 
archaeological remains of these plants were recovered (Karkanas et al. 2002). 
Finally, researchers are recently incorporating new and different markers of plant 
residues, including DNA, acids, proteins, and other molecular markers into the study of 
Neanderthal plant use. For example, Hardy et al. (2012) applied gas chromatography-
mass spectrometry (GC-MS) to Neanderthal dental calculus from individuals recovered at 
El Sidron, Spain and found acid markers from nuts, possible evidence for the 
consumption of medicinally useful plants (yarrow and chamomile), and signs of wood 
smoke inhalation. This research was taken further with DNA sequencing of the dental 
plaque to more specifically identify the makeup of these residues (Weyrich et al. 2017). 
They were able to identify mushrooms, pine nuts, and moss, and even found that the El 
Sidron individual had no evidence for meat consumption. At El Salt, Spain, Sistiaga et al. 
(2014) also used GC-MS to examine faecal biomarkers and found significant amounts of 
phytosterol metabolites that indicate that plant material played a role in the Neanderthal 
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diet. These newer methods are revealing a tantalizing spectrum of Neanderthal plant use, 
but more data and applications are needed to confirm the possible patterns of plant 
interactions. 
 
Climate Change and Phytoliths as Environmental Indicators 
 
Climate Change in the Middle Paleolithic 
Plant microremains are important not only because they add detail to our 
understanding of Neanderthal subsistence, but also because they can provide important 
links between archaeological sites and environmental reconstructions (e.g., Alexandre et 
al. 1997b; Barboni et al. 1999; Albert and Bamford 2012; Pearsall 2015). During the time 
that Neanderthals inhabited Europe there were multiple periods of intense climate 
change, ranging from warm, humid stadial periods to cold, dry glacial periods (Van 
Andel and Tzedakis 1996). Moreover, research on deep sea cores and speleothems has 
indicated that many of these climatic shifts happened relatively quickly, on the scale of 
hundreds or thousands of years (Wainer et al. 2009; Couchoud et al. 2009). The flora and 
fauna of a region would have changed drastically, leading to extreme differences in the 
types of resources available seasonally over the course of several generations (Huntley et 
al. 2003; Tzedakis 2003; Sánchez Goñi et al. 2008). These climatic oscillations have led 
many researchers to question what kind of landscapes the Neanderthals inhabited, how 
they might have changed through time, and how Neanderthals dealt with this constantly 
changing environment (Couchoud et al. 2009). Indeed, some researchers have 
hypothesized that an inability to adapt to the climatic conditions of MIS 3 may have led 
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to the extinction of Neanderthals as anatomically modern humans (AMH) outcompeted 
them for resources (Gamble et al. 2004; Banks et al. 2008). 
 
Environmental Reconstructions 
Deep sea cores off the coast of Europe have provided a broad outline of climate 
change for the continent, creating a framework for understanding when and where 
climatic shifts occurred. These cores offer a baseline for temperature and precipitation, 
which other regional datasets including pollen and speleothems can help connect to the 
developments of a specific region (Shackleton 1987). Together, cores, pollen, and 
speleothems help to build a picture of the wider climate that once surrounded 
archaeological sites and the possible resources available. However, connecting these 
reconstructions with specific archaeological deposits within sites can be difficult as 
regional environmental reconstructions often operate on a different scale than 
archaeological interpretations (Bertran and Texier 1995). Archaeologists often rely on 
faunal remains from archaeological layers to help tie the site to the local environment by 
analyzing the makeup of different animals within an archaeological assemblage and 
assessing the environmental constraints for each species (e.g., Discamps 2013). Plant 
components of the local ecosystem are then inferred based on known animal habitats. 
 
Site-Level Environmental Data 
Plant remains at archaeological sites, including both phytoliths and charcoal, can 
help bridge the gap between regional scale environmental data and more localized 
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environmental reconstructions (e.g., Smart and Hoffman 1988; Tsartsidou et al. 2015). 
Phytolith analysis is particularly important in this context because phytoliths are most 
often the products of in situ deposition, rather than long distance transport by air or water 
as pollen may be (Piperno 2006). Phytoliths can, therefore, be used as a representation of 
the anthropogenic deposition of plants that originated from the local botanical catchment 
that once surrounded an archaeological site. These remains have been used to build 
environmental frameworks to better interpret behavior in relation to climate change (e.g., 
Kirchholtes et al. 2015; Pearsall 2015; Tsartsidou et al. 2015). However, because 
phytolith assemblages result from natural forces (e.g., wind, water, and animals) and 
human choice in terms of what plants to deposit in archaeological sites, it is necessary to 
combine phytolith analysis with geoarchaeological techniques that can provide context 
for understanding how these assemblages formed and how representative they may be of 
human choice or natural forces. 
 
The Phytolith Record 
 
Phytolith Production 
As they grow, plants absorb monosilicic acid (Si(OH)4) that has been dissolved in 
the ground water through their roots (Pearsall 2000, 2014; Piperno 2006). The silica is 
laid down as solid silicon dioxide (SiO2) in and around plant cells, sometimes taking on 
an amorphous form or a more specific shape depending on where the silica is deposited. 
Once the plant dies, the silica dehydrates, solidifies further, and these solidified silica 
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remains, or phytoliths, persist after the softer parts of the plant have decayed. Once free 
of the plant tissue, phytoliths are typically incorporated into a sediment matrix but may 
also adhere to other plants or objects (Madella and Lancelotti 2012).  
Phytolith production is variable amongst plant families, with some groups 
producing very high concentrations and others producing few to no phytoliths (Piperno 
2006). For example, families such as Agavaceae, Amaryllidaceae, Liliaceae, and 
Typhaceae are classified as having no phytoliths observed: either they are entirely absent 
or phytolith production is so low that it cannot be observed (Rapp and Mulholland 1992; 
Pearsall 2000; Piperno 2006). On the other hand, Poaceae (Rovner 1971; Piperno 1988; 
Mulholland 1989; Twiss 1992), Cyperaceae (Piperno 1988; Ollendorf 1992), and 
Cucurbitaceae (Piperno et al. 2000, 2002) are some of the highest producers of phytoliths. 
Other families have production that varies substantially between the different genera 
(Piperno 2006).  
Phytolith production is controlled by genetic factors (Piperno et al. 2002; Hart et 
al. 2011) and by environmental factors, such as high levels of evapotranspiration leading 
to increased silicification (Katz et al. 2013; Issaharou-Matchi et al. 2016). This variability 
in production can lead to over-representation of certain phytolith types (e.g., those from 
grasses, Poaceae) and underrepresentation of others (e.g., those from the lily family, 
Liliaceae) in archaeological samples, even if significant amounts of each plant are 
growing in a given environment. It is therefore necessary to turn to modern comparative 
material to understand how many phytoliths a given plant might produce to assess how 
archaeological phytolith assemblages form (Strömberg 2004; Tsartsidou et al. 2007).  
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Many plants produce phytoliths because the silica provides a variety of crucial 
functions, including reinforcing strength and structure, protecting the plant from diseases, 
and providing defenses against fungi, insects, and even herbivores (Coley and Barone 
1996; Dorweiler and Doebley 1997; Piperno et al. 2002). Because each plant deposits 
dissolved silica throughout its structures according to need and available resources, a 
single plant may produce a variety of phytolith shapes, known as morphotypes. Some 
plants (e.g., rice, corn, and squash) produce highly specific phytolith shapes that easily be 
traced back to a particular species, and even to a single plant tissue within that species 
(e.g., Piperno et al. 2000; Pearsall et al. 2004; Harvey and Fuller 2005). However, these 
unique morphotypes are relatively rare and most plants produce similar shapes based on 
where in the plant the silica was originally deposited. For example, most grasses from the 
subfamily Panicoideae produce bilobate phytoliths because the silica is deposited in and 
around specific dumbbell-shaped cells in their leaves, but because so many different 
species within this subfamily have similar leaf structures it is difficult to tell the bilobates 
of one species apart from another. Thus, many phytoliths can be correlated with a family, 
subfamily, or genus, but species-level identification is more difficult (e.g., Twiss et al. 
1969). 
 In addition to their taxonomic significance, phytoliths can also be traced to 
specific tissues of the plant (e.g., leaf, stem, or inflorescence), as each may produce a 
distinct assemblage of phytolith morphotypes (Piperno 2006). This characteristic is 
particularly important for archaeological interpretation because the leaves and 
inflorescence of plants are often less likely to survive carbonization than woody stems 
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and may not be present in the archaeological record except as phytoliths (Ball et al. 
1999). In contrast, however, some phytoliths cannot be specifically linked to a plant 
tissue and may be produced in a variety of plant parts. These types of phytoliths are 
separated into general groups, such as phytoliths of monocotyledon versus dicotyledon 
angiosperms (Piperno 2006). 
 
Phytolith Preservation 
Phytoliths are durable and are considered stable within sediments (Piperno 2006). 
The solubility of silica remains unaltered in sediments with pH 3-7, but silica will begin 
to rapidly dissolve in highly alkaline environments above pH 8 (Fraysse et al. 2009; 
Loucaides et al. 2010). In addition to chemical alteration, phytoliths can also be affected 
by physical degradation through processes such as wind or water transport. Some 
phytolith morphotypes are thin or highly decorated, and these characteristics are often the 
first to be affected by chemical and physical processes (Cabanes et al. 2011). More robust 
phytolith morphologies, those with less surface area and decoration, are more likely to 
remain unchanged (Cabanes and Shahack-Gross 2015). The degree of silicification of the 
original plant cell or intercellular space also plays a role in the ultimate preservation of 
the phytolith (Currie and Perry 2007; Issaharou-Matchi et al. 2016). 
Finally, although silica is generally durable, previous research has demonstrated 
that the silica in phytoliths is more bioavailable to plants than silica that results from 
geologic sources in the groundwater (Alexandre et al. 1997a, 1999). When plants decay 
as part of natural leaf litter, their phytoliths are released into the silica recycling system 
 16 
 
and many are quickly broken down and reabsorbed by living plants (Farmer 2005). Some 
research has indicated that phytoliths will be broken down up to three times faster than 
other sources of silica (Bartoli 1983). Therefore, phytoliths left exposed to the normal 
cycles of soil formation are more likely to be dissolved and reabsorbed by living plants. 
This process indicates that environmental factors such as overlying vegetation must be 
considered when analyzing phytolith assemblages in general, and specifically when using 
phytoliths from actively vegetated soils for environmental reconstruction (Farmer 2005). 
Archaeological sites, however, may have better phytolith preservation because the 
processes that cover and protect archaeological sites also help to isolate phytoliths from 
the silicon cycle (Cabanes and Shahack-Gross 2015). 
 
Phytolith Methodology 
 
Phytolith Extraction 
Because of their microscopic nature, phytoliths are incorporated into the sediment 
when a plant decays (Shillito 2013). To effectively analyze these remains, it is necessary 
to isolate phytoliths from the other mineral and organic components of sediments 
(Pearsall 2000; Piperno 2006). As the chemical and mineralogical components of 
sediments vary widely, there is no single extraction method that will work on every 
sediment and it is important to consider the type of sediment under study before 
proceeding with phytolith extraction. In general, all phytolith extraction protocols rely on 
(at least many of) the same primary steps: 1) disperse the material to disaggregate the 
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sediment, 2) remove organic matter, 3) remove carbonates, 4) disperse or remove clays, 
5) isolate the phytoliths (Piperno 2006). Many protocols have been published to deal with 
each step as efficiently as possible (e.g., Rovner 1972; Pearsall 2000; Parr et al. 2001; 
Piperno 2006; Jenkins 2009; Katz et al. 2010; Lombardo et al. 2016). This dissertation 
relied primarily on two protocols, including a rapid method (Katz et al. 2010) and a 
longer protocol that incorporates sonication (agitation in a water bath using ultrasonic 
frequencies) during each of the steps mentioned above (Lombardo et al. 2016). Specific 
methods employed in each study are described in detail in the chapters that follow. 
 
Phytolith Quantification and Identification 
After phytoliths have been extracted from sediment they must be counted and 
identified. The number of phytoliths in a specific number of microscopic fields of view 
(here, 16 fields) is counted, then multiplied by a constant that relates the combined area 
of those fields of view to the full area of the cover slip, a figure that is then adjusted by 
the amount of extract analyzed and the initial weight of the sample to calculate the total 
number of phytoliths in a single gram of sediment (Katz et al. 2010). The phytolith 
concentration may also be expressed as phytoliths per gram of acid insoluble fraction 
(AIF) depending on the types of sediment being studied (Albert et al. 1999, 2000). The 
AIF refers to the sediment left after all the phosphates, carbonates, and organic matter 
have been removed using the processes mentioned above and is used to normalize 
samples that may be affected by diagenesis (Albert et al. 1999).  
 18 
 
The phytoliths are then described in terms of their shape, surface decoration, or 
place of anatomical origin within a plant. This terminology has been standardized to 
allow for comparison of phytolith types across regions and laboratory groups (Madella et 
al. 2005). By comparing the phytolith morphotypes found in an archaeological sample 
with previously published literature and modern comparative material, morphotypes can 
be associated with plant taxa at the class, family, subfamily, genus, or species level 
(Twiss et al. 1969; Brown 1984; Rapp and Mulholland 1992; Parr and Carter 2003; 
Strömberg 2004; Piperno 2006). Identification of a minimum of 200 phytoliths per slide 
is the standard practice to achieve statistical significance and an error margin of 20% 
(Albert et al. 2000, 2003; Albert and Weiner 2001). 
 
Phytolith Interpretation 
Morphotype counts and total phytolith concentrations can be compared spatially 
across an archaeological excavation to look for different plant-related activity areas, or by 
layer to explore diachronic change in plant use (e.g., Tsartsidou et al. 2008; Cabanes et al. 
2012). However, the deposition of phytoliths in an archaeological site is the result of the 
complex interplay between natural and anthropogenic forces, and the assemblages may 
be changed over time by chemical attacks, bioturbation, and a host of other post-
depositional alterations (Madella and Lancelotti 2012). To disentangle these complicated 
factors, it is therefore important to collect and examine a variety of control samples to 
understand the background signature of phytoliths within a specific environment 
(Madella and Lancelotti 2012; Piperno 1985; Shillito 2013). Moreover, complementary 
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techniques including sediment micromorphology, Fourier transform infrared 
spectroscopy (FTIR), and sedimentology can elucidate the depositional context of 
phytolith assemblages and the factors that may have impacted their deposition or 
alteration (e.g., Matthews 2010; Shillito 2011; Albert et al. 2012; Vrydaghs et al. 2016; 
Rodriguez-Cintas and Cabanes 2017). 
 
Structure of the Dissertation 
 
This dissertation is presented in the form of three scholarly articles that each focus 
on a different problem in the study of plant remains in Middle Paleolithic France. The 
dissertation is organized as follows:  
Chapter 2, “Neanderthal Plant Use and Pyrotechnology: Phytolith Analysis at Roc 
de Marsal, France,” presents the complete analysis of phytoliths recovered from 112 
sediments samples from the Middle Paleolithic site of Roc de Marsal, in southwest 
France. Phytoliths are used to reconstruct the local environment and to determine the role 
of plants in Neanderthal pyrotechnology, subsistence, and technology. In addition to 
traditional phytolith analysis, sediment micromorphology and FTIR are employed to 
elucidate the context of phytolith samples, assess post-depositional changes to sediment 
and phytoliths, and improve interpretations of the phytolith assemblages.  
Chapter 3, “Archaeological Applications of Phytolith Morphometrics,” is an in-
depth analysis of a specific type of phytolith, grass short cells known as bilobates, 
recovered from Roc de Marsal. Morphometric analysis, the quantification and 
 20 
 
mathematical correspondence of various measurements, has been employed in phytolith 
analysis to attempt to distinguish between closely related plant species that have similar 
phytolith morphotypes (e.g., Berlin et al. 2003; Ball et al. 2006; Out and Madella 2016, 
2017). However, recent advancements in imaging and statistical software (e.g., the 
development of plugs-ins and macros for open source software like FIJI and ImageJ) 
have increased the usefulness of these methods (Out et al. 2014). Here. measurements of 
bilobates from modern reference specimens are analyzed with these digital methods to 
understand how variation is expressed at the level of a single plant, as well as among 
several similar species. These results are compared with measurements of archaeological 
bilobate phytoliths from Roc de Marsal to understand how variation is expressed in an 
archaeological assemblage. Although specific species identifications are not possible with 
this approach, morphometric analyses demonstrate that at least three different bilobate-
producing plants were brought to Roc de Marsal and that the assemblage is likely the 
result of long term deposition that resulted in a palimpsest of plant material.  
Chapter 4, “Neanderthal pyrotechnology and fuel use: Comparative phytolith 
analysis at Pech de l’Azé IV and Roc de Marsal” compares the phytolith assemblages at 
two important Middle Paleolithic sites to begin to assess larger patterns of Neanderthal 
activity in southwest France. Pech de l’Azé IV and Roc de Marsal are broadly similar in 
terms of chronology, stratigraphy, lithics, and faunal remains. However, the analysis of 
104 samples from Pech de l’Azé demonstrates key differences in the types and 
concentrations of plant microremains in comparison with the phytolith assemblages from 
Roc de Marsal. The low concentrations of phytoliths from the fire residues preserved at 
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Pech de l’Azé IV, in combination with the faunal remains and micromorphological 
analysis of the combustion features, indicate that bone was the primary source of fuel for 
these fires.  
Chapter 5 concludes the dissertation by considering Neanderthal plant use more 
holistically to understand how the phytoliths analyzed here may contribute to the broader 
understanding of Neanderthal activity. This chapter also addresses themes of phytolith 
methodology to consider the best ways to extract, analyze, and compare phytolith 
assemblages to form the most robust and nuanced interpretations. 
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CHAPTER TWO: NEANDERTHAL PLANT USE AND PYROTECHNOLOGY: 
PHYTOLITH ANALYSIS AT ROC DE MARSAL, FRANCE 
 
Note: The following is an article submitted to Archaeological and Anthropological 
Sciences on 2/28/2018. It is titled “Neanderthal Plant Use and Pyrotechnology: phytolith 
analysis at Roc de Marsal, France” and is co-authored by: Kristen Wroth, Dan Cabanes, 
John M. Marston, Vera Aldeias, Dennis Sandgathe, Alain Turq, Paul Goldberg, and 
Harold Dibble. 
 
Abstract 
 
The plant component of Neanderthal subsistence and technology is not well 
documented, partially due to the preservation constraints of macrobotanical components. 
Phytoliths, however, are preserved even when other plant remains have decayed and so 
provide evidence for Neanderthal plant use and the environmental context of 
archaeological sites. Phytolith assemblages from Roc de Marsal, a Middle Paleolithic 
cave site in SW France, provide new insight into the relationship between Neanderthals 
and plant resources. Ninety-seven samples from all archaeological units and 18 control 
samples are analyzed. Phytoliths from the wood and bark of dicotyledonous plants are the 
most prevalent, but there is also a significant proportion of grass phytoliths in many 
samples. Phytolith densities are much greater in earlier layers, which can be related to the 
presence of combustion features in those layers. These phytoliths indicate a warmer, 
wetter climate, whereas phytoliths from upper layers indicate a cooler, drier environment. 
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Phytoliths recovered from combustion features indicate that wood was the primary plant 
fuel source, while grasses may have been used as surface preparations. 
 
Keywords: Phytoliths, France, Middle Paleolithic, Neanderthals, Pyrotechnology 
 
Introduction 
 
Recent research has demonstrated the breadth of the Neanderthal diet and 
subsistence behaviors (e.g., Hardy 2010; Henry et al. 2014; Weyrich et al. 2017). These 
studies present a picture of shifting Neanderthal plant use that varied widely among 
regions as Neanderthals took advantage of the ecosystems they inhabited. These 
examples range from an extensive record in Spain with evidence for both possible 
consumption and technological use of plants (e.g., Rodrı́guez 2000; Cabanes et al. 2010; 
Solé et al. 2013; Rodriguez-Cintas and Cabanes 2017; Weyrich et al. 2017), to evidence 
for pyrotechnology, fuel use, and wild seed and nut gathering at sites like Kebara and 
Amud in the Levant (Madella et al. 2002; Lev et al. 2005; Albert et al. 2012). Such 
studies have also demonstrated the value in examining the microscopic plant record 
through a focus on the recovery and interpretation of phytoliths—microscopic opaline 
bodies that reflect the shape of plant cells and tissues. 
While there is a relative wealth of phytolith data from Paleolithic sites in Spain 
and Israel (e.g., Albert et al. 2000; Madella et al. 2002; Cabanes et al. 2010; Rodriguez-
Cintas and Cabanes 2017), more temperate regions like much of Western Europe are 
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lacking in this area. France, for example, has a high density of Paleolithic sites and these 
rich sequences have been the focus of intense archaeological scrutiny for more than 100 
years, but plant microremains remain understudied. The research has resulted in the 
continued refinement of our understanding of Neanderthal behavior and subsistence. 
There has been a focus on reconstructions of the landscape those hominins moved 
through (e.g., Delagnes and Rendu 2011; Niven et al. 2012; Richter et al. 2013; Discamps 
2013) and of the geological processes that shaped the landscape and the archaeological 
sites (Laville 1975; Laville et al. 1980; Bertran and Texier 1995; Lenoble and Bertran 
2004; Bertran et al. 2008). In addition, a few key palynological studies of lakes and caves 
in the region (e.g., Pons et al. 1989, 1992; Pons-Branchu et al. 2010) have produced 
broad environmental reconstructions, while charcoal analysis has provided information 
on the use of woody dicotyledonous plants for fuel (Théry-Parisot 2002b, Karkanas et al. 
2002).  
However, information on plant remains from archaeological contexts, especially 
non-woody plants, is scarce for these contexts. Unfortunately, plant remains are often 
fragile and do not always survive due to variable preservation environments, such as in 
sites located in temperate environments where freeze-thaw conditions and moisture 
promote plant decay. On the other hand, phytoliths are readily preserved in a variety of 
environments. These microremains record information on both the family of plant and the 
part of the plant from which the phytolith came (Pearsall 2000; Piperno 2006). While 
pollen provides a regional indicator of climate change, phytoliths from archaeological 
sites provide links between the local environments and archaeological layers. Because 
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phytoliths are often the result of more localized deposition, they can be used to better 
understand the local plant communities near archaeological sites, as well as 
anthropogenic actions related to bringing plants into the sites. Through the careful 
comparison of control samples with archaeological material, the depositional forces that 
acted upon the phytoliths can be teased apart. Moreover, anthropogenically deposited 
phytolith assemblages are formed in part by Neanderthal activities as they moved through 
the environment surrounding the site. The linkage between archaeological phytoliths and 
the wider landscape creates an environmental context for human behavior that can 
contribute to both the archaeological and environmental records.  
There is a clear need for more site-specific data regarding how Neanderthals 
interacted with plant resources. Moreover, focus on Neanderthal-plant interactions not 
only clarifies variable subsistence strategies among Neanderthal groups but also adds 
detail to our understanding of the changing climate and plant communities of the Late 
Pleistocene. Through a combination of paleoethnobotanical and geological techniques, 
this paper presents robust data on phytolith assemblages from Roc de Marsal, a Middle 
Paleolithic cave site in southwest France. The Roc de Marsal assemblages include 
diachronic and spatial variations in concentrations and types of phytoliths throughout the 
site. These data allow us to reconstruct aspects of the environment that once surrounded 
Roc de Marsal, to refine our understanding of Neanderthal pyrotechnology, and to infer 
other uses of plant resources. The phytolith data are combined with other datasets (i.e., 
lithic, faunal, geological) to both support and add detail to these analyses. 
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Roc de Marsal 
 
History of Research 
Roc de Marsal is a small cave located about 80 m above a tributary of the Vézère 
River (Figures 1 and 2a; Aldeias et al., 2012). Formed in a limestone fissure, the cave 
consists of a main elongated chamber stretching towards the northeast that has been the 
focus of excavation and a terrace section oriented to the southeast near the entrance of the 
cave (Figure 3). The site was first excavated by the amateur archaeologist Jean Lafille 
from 1953-1971 (Bordes and Lafille 1962; Turq 1979, 2000; Sandgathe et al. 2011b). 
Lafille’s excavations focused on exposing the main area of occupation but many of the 
original results were not published because of Lafille’s premature death. The study of the 
site continued under the impetus of A. Turq, with a new description of the stratigraphy by 
H. Laville (Turq 1979, 1980), complimentary analyses of the sediments and 
environmental context (Assassi 1986; Couchoud 2003), and the analysis of the lithic 
industries recovered (Turq 1979, 1985, 1988, 1989b, 2000, Antignac 1999, Thiébaut 
2003). Additionally, a preliminary dating project was initiated (Turq and Guibert 2003) 
and the analysis of the skeleton of a Neanderthal child (Madre-Dupouy 1988) and 
previously unpublished data concerning its discovery were published (Turq 1989a). 
Based on all of this information, the resumption of excavations by a multidisciplinary 
team was proposed to H. Dibble. From 2004 to 2010 a second phase of excavation (Turq 
et al. 2009) focused on improving the stratigraphy, chronology, and context for both the 
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artifacts and the Neanderthal skeletal remains discovered by Lafille (Sandgathe et al. 
2011b).  
 
Figure 1. Map of the Dordogne region showing the locations of Roc de Marsal, other 
nearby Middle Paleolithic sites, and modern towns. Inset corresponds to the location of 
the studied region in France.  
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Figure 2. A) View from outside of the cave, looking towards the interior. The white tags 
on the profiles are about 7.6 cm wide. B) West section of profile at Roc de Marsal at the 
end of the 2009 season. White tags indicate archaeological layers (AL); blue tags are 
geological units (GU). C) Photograph of a well-preserved combustion feature (CF) in 
Layer 9, consisting of black charcoal-rich sediment and well-preserved ashes. Arrow 
scale is 10 cm long.  
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Figure 3. Map of Roc de Marsal showing excavation units of the main site at left and 
attached cavity at the right with no archaeological remains and where only test trenches 
were made. The black contour lines represent the terrace and slope at the front of the 
cave. Grid lines are 1 m. 
 
Site Stratigraphy 
The stratigraphy was divided into archaeological layers based on both 
sedimentological changes and the presence or absence of specific lithic industries, and 
they are numbered from the surface downward (Sandgathe et al., 2011a; Figure 2b; Table 
1). Layers 13 through 11 at the base of the sequence are sterile or nearly so and formed 
by in situ weathering of the limestone bedrock (Sandgathe et al. 2011b; Lin et al. 2015). 
Archaeological remains and a few patches of rubification (reddening of the sediment due 
to heating) first occur in Layer 10, though they are generally sparse. Layers 9 and 7 are 
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composed of dark anthropogenic sediments with a significant component of ash, bone, 
charcoal, and burned artifacts, as well as visible combustion features (CFs hereafter), 
interbedded with lighter, sandy sediments (Layers 8 and 5) (Aldeias et al. 2012; 
Sandgathe et al. 2011b). Layer 6 is discontinuous across the site, being absent towards 
the cave’s entrance. Layers 4 through 2 are a mixture of sandy silts with a loess 
component and a strong yellow hue due to the decomposition of limestone bedrock and 
large chunks of roof fall (Sandgathe et al. 2011a). The upper layers are also notable for 
their high concentrations of faunal remains and rich lithic assemblages. Layer 1 is highly 
disturbed by both bioturbation and later medieval occupants of the cave. 
The sediments of Layers 9 and 7 are visibly darkened due to burnt lithics and 
organic matter, including (rarely) macroscopic chunks of charcoal and microscopic, 
unidentifiable remains of other burnt plants. During excavation, CFs were noted 
throughout Layers 7 and 9 (Figure 2c). They include both localized examples of CFs that 
were stacked, or constructed repeatedly in the same spot, and isolated CFs without 
stacking (Aldeias et al. 2012). The features range from about 50 to 100 cm in diameter 
and include two types: those with intact units composed of a lower layer of dark 
charcoal-rich sediment and an upper ash layer; and those that are apparently missing 
these charcoal/ash units, but that do include other burnt materials (bone, stone, charcoal) 
jumbled together in an ash-rich deposit (Aldeias et al. 2012). The first type relates to 
features that were intact or only minimally reworked by later activity after use, whereas 
the second type was likely secondarily reworked by anthropic activities, namely hearth 
rake out (Aldeias et al. 2012). Layers 7 and 9 also include many instances of burnt bone 
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and lithics that were found outside of discrete CFs and may be related to this reworking. 
Other explanations for variation between the CFs include differences in the degree or 
intensity of burning events and fuel types. Additionally, recent research has demonstrated 
that the heat from overlying CFs can greatly affect the heating properties of the 
underlying sediments, likely accounting for some portion of these burnt artifacts and 
sediments (Aldeias et al. 2016).  
 
Lithic and Faunal Assemblages 
The lithic assemblages from Roc de Marsal are rich and there is notable 
variability through time (Table 1). In general, the lower layers (9 through 5) are 
characterized by Levallois blank production, with the frequency of Levallois production 
decreasing in the later layers. The lowest layers, 9 through 7, are characterized by a 
relatively low frequency of retouched tools (Sandgathe et al. 2011a, b). Scrapers become 
more common in the upper part of this sequence. There is evidence for small flake 
production in the form of small Levallois cores, Kombewa cores, and truncated-facetted 
pieces in the lower portion of the sequence with similarities to the so-called Asinipodian 
of Pech de l’Azé IV (McPherron et al. 2017; Richter et al. 2017). Layers 4 through 2 
show a distinct change in the lithic assemblages. In these layers the frequency and 
intensity of scraper retouch increases, and the technology of blank production is Quina 
with virtually no Levallois elements (Turq 2000; Lin et al. 2015). Layer 1 contains a 
mixture of medieval artifacts with Upper and Middle Paleolithic stone tools. 
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The faunal remains in Layers 9 through 2 are dominated by medium- to large-
bodied mammals (Sandgathe et al. 2011a; Castel et al. 2016b). The faunal assemblages’ 
accumulations relate primarily to anthropogenic activities and there is limited evidence of 
post-depositional alteration, such as rodent gnaw marks or root tracks (Castel et al., 
2016). Red and roe deer remains dominate the lower layers (9 through 6) but other 
mammals like horse and wild pig are also recorded (Sandgathe et al. 2008; Aldeias et al. 
2012). Reindeer are noted in lesser amounts even in the lower layers but become 
prevalent from Layer 5 and up. A variety of rodent species is present in Layers 10 
through 5, including the field vole, garden dormouse, and the European pine vole 
(Sandgathe et al. 2008). Layers 4 through 2 are strongly dominated by reindeer, with less 
frequent remains of horse and bison, and rare examples of red and roe deer remains 
(Castel et al., 2016). Additionally, the rodent population is limited to cold-adapted vole 
species more indicative of an open, colder, and drier climate (Aldeias et al. 2012; Lin et 
al. 2015; Sandgathe et al. 2008; Turq et al. 2009). 
 
Dating 
 The chronometric dating of Roc de Marsal is complex and ongoing. The latest 
contribution to the dating of the site was carried out by Guérin et al. (2012, 2017), which 
included thermoluminescence (TL) on heated flints from Layer 9 through 2 and single 
grain optically stimulated luminescence (OSL) (Table 1). These analyses support the 
attribution of the lower layers (9, 8, and 7) to MIS 4. The TL dates indicate an extended 
period of successive occupation that ranges from ~70 to 65 ky for Layer 9 to about ~40 
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ky for Layer 2. The attribution of these layers to various marine isotope stages (MIS) and 
different environmental regimes will be discussed below.  
 
Table 1. Summary of geological units (GU), archaeological layers (AL), stratigraphic 
descriptions (Aldeias et al. 2012), lithic (Lin et al. 2015) and faunal (Sandgathe et al. 
2008; Castel et al. 2016a) data with TL dates and possible MIS attributions (Guérin et al. 
2017). Dates for MIS phases follow Van Andel and Tzedakis (1996). 
AL Stratigraphic Descriptions Lithics Fauna Dates 
(TL) 
MIS 
1 Organic-rich, stony sandy silt, highly 
disturbed by bioturbation and later 
Medieval occupants who created 
storage pits in this layer. 
Archaeological material is a mixture 
of historic materials, and MP/UP 
artifacts. 10-30 cm thick. 
Mixed    
2 Yellow to light brown clayey-silt, very 
similar composition to AL 4. 
Predominantly aeolian in origin. 
Includes large limestone blocks (roof 
fall), centimeter to meter size. Inside 
the cave, this layer is capped by a 
layer of roof collapse. Finer sediments 
are ~45-50 cm thick.  
Quina blank 
production  
Reindeer 
dominated 
39±3 
ky; 49 ± 
4 ky  
MIS 3 
(59-24 
ky) 
3 Very thin lens that is not found 
throughout the site. Similar in 
composition to AL 4, but darker. 
Thickest area is c. 1-2 cm (near the 
cave mouth). 
53 ± 4 
ky 
4 Resembles AL 5 in general 
composition except that it is light 
yellow-brown and is less consolidated. 
Rich in lithics, but most notable for 
the high concentration of faunal 
remains. 20-30 cm thick. 
50 ± 4 
ky 
5 Composed of light gray clayey-silts 
that are finer in texture than the lower 
deposits. Includes small to medium 
sized pieces of limestone roof fall and 
a high concentration of archaeological 
materials. 10-15 cm thick. 
High frequency 
of Levallois, and 
low frequency of 
tool production. 
Levallois 
decreases and 
tool production 
increases 
throughout 
layers 9-5 
Mixed 
faunal 
spectra  
 
6 Like AL8, it is discontinuous across 
the site and thickest (~3-5 cm) just 
inside the cave mouth. It is composed 
of brown clayey-silts. 
46 ± 3 
ky; 57 ± 
4 ky 
 34 
 
7 Similar in color and basic composition 
to AL8, although darker (due to a 
higher content of charcoal and burned 
bone); has slightly decreased 
concentration of archaeological 
materials. As in AL9, it contains 
numerous intact and discrete CFs. 5-8 
cm thick. 
70-65 
ky  
MIS 4 
(74-59 
ky) 
8 Occurs mainly just inside the cave 
mouth and is discontinuous across the 
site. It is composed of gray-brown 
clayey-silts with abundant 
archaeological materials. ~8-10 cm 
thick. 
9 Clayey-silts with a very marked 
anthropogenic component of CFs 
consisting of ash, burned bone, and 
charcoal; these components occur in 
both localized lenses and as more 
massive accumulations. AL9 contains 
the most abundant CFs and very high 
concentrations of archaeological 
materials. 5-10 cm thick. 
10 Very thin (~1-5 cm) orange clayey-
silt, with some small fragments of roof 
fall. Very little archaeological 
material, but lens of rubefied AL10 
sediments separated from AL9 by thin 
lens of non-rubefied AL10 sediments 
indicate that the initial occupations 
were associated with uppermost 
AL10. 
Archaeological?   MIS 5 
(130-
74 ky) 
11-
13 
Brown to orange clayey-sand that 
rests directly on bedrock and fills in 
locally undulating karstic mini-
topography. 1-2 cm to 20-30 cm thick; 
archaeologically sterile. 
Non-
archaeological 
  
 
Methods and materials 
 
Sampling 
A total of 112 samples were analyzed for this study. Sediment samples of ~50 g 
were collected from all layers and blanket the site both vertically and horizontally within 
the new excavation area (Appendix A). Three different phytolith sampling strategies were 
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employed at Roc de Marsal. First, several hundred bulk sediment samples were collected 
from each grid square at the opening of a new context and randomly throughout 
excavation; these were intended for sediment analysis and comparison with block 
micromorphological samples. Fourteen of these were subsampled for phytolith analysis. 
Second, 54 samples were collected specifically for phytolith analysis during excavation 
from possible features and archaeological layers. Thirty-three of these were originally 
analyzed by Cabanes (Sandgathe et al. 2008) and are incorporated into this study. The 
remaining 21 samples are analyzed here. Finally, with permission from the Service 
Régional de l’Archéologie, 36 small sediment samples for phytolith analysis were 
collected from the exposed profiles after excavation was complete. The profiles were 
carefully cleaned to remove modern contamination and 36 samples of approximately 50 g 
of sediment were removed. Sampling focused on three zones: the terrace, which was 
exposed for most of the history of occupation of the cave (currently it is protected by the 
site’s modern roof structure); just inside the mouth of the cave, around the modern 
dripline; and at the back of the excavated area. These areas were chosen to assess the 
possibility of different patterns of natural and anthropogenic phytolith deposition, and 
samples were taken from all archaeological layers. The new samples were then recorded 
with a total station and incorporated into the excavation’s spatial database so that they 
could be compared spatially with previously collected samples. Twenty-nine of these 
samples are analyzed here.  
Eighteen control samples were collected from both the interior and exterior of 
Roc de Marsal to better understand how phytoliths were naturally deposited and post-
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depositionally altered in and around the site (Appendix B). External samples are 
compared with the internal control samples and archaeological assemblages for evidence 
of contamination or other post-depositional changes. Three samples were collected from 
two tree throws located on the plateau above the site. Older sediments and soils are often 
deeply buried or eroded away in the region, so tree throws offer access to older sediments 
that are otherwise not evident in the landscape. Both tree throws had a lower red clay 
layer that was rich in natural flints and an upper layer of tan, silty loess. One sample was 
collected from the weathering bedrock and limestone around the outside of the site to 
better understand how these natural sediments might mix with the plant material 
deposited through wind and water action. Finally, three samples of loose sediment were 
collected from under the leaf litter just outside the cave and approximately 50 m away up 
on the plateau. These samples offer a way to characterize modern phytolith assemblages 
in the area and help control for possible modern contamination.  
The internal control samples from areas with little-to-no evidence of human 
impact allow for an understanding of the natural depositional background of phytoliths 
within the site. The eastern side of the site has several tunnels that connect the excavated 
chamber with other parts of the cave system and appear to be mostly unrelated to 
anthropogenic activity. These areas were sampled for both phytolith and 
micromorphological analysis to better understand how sediments were entering the cave 
and being post-depositionally altered (4 samples from excavation square L25). 
Additionally, seven samples were collected from areas with the following possible 
characteristics: earthworm burrows, small mammal burrows, hyaena coprolites, root 
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action, clay filling karstic voids, cryoturbation, chunks of roof fall. These samples were 
aimed at understanding the many possible modes of entry for plant material into the site. 
Micromorphology and Mineral Composition 
The sediments and stratigraphy of the site were studied with geoarchaeological 
and micromorphological techniques and reported in previous publications (Aldeias et al. 
2012; Goldberg et al. 2012; Sandgathe et al. 2008, 2011). These analyses allowed for an 
overall assessment of depositional and post-depositional processes that affected the cave 
sediments, as well as an in-depth understanding of the fire features present at the site. 
Based on these analyses, there are several possible modes of entry for phytoliths and 
plant material into the cave, both during times when it was inhabited by Neanderthals and 
when it was abandoned. These processes include water in the form of small (cm-deep) 
channels, debris flows, and slight percolation through the sediment. Wind, animal activity 
(both nesting and bioturbation by worms, small mammals, and hyaenas), and 
anthropogenic action also played a role in the deposition and alteration of the sediments 
(Sandgathe et al. 2011b). 
To connect the previous geoarchaeological work with the phytolith assemblages, 
a preliminary analysis of the mineral composition of the samples was carried out by 
means of Fourier Transform Infrared Spectrometry (FTIR) using KBr pellets and an iS5 
Thermo Fisher Scientific spectrometer. The interpretation of the FTIR spectra was 
performed with the help of a database of standards from the Kimmel Center for 
Archaeological Science at the Weizmann Institute of Science, Israel. The origin of calcite 
(e.g., natural/geogenic calcite vs. ashes/anthropogenic calcite) was determined using 
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Regev et al. (2010), and clay thermal alteration was identified following Berna, et al. 
(2007). These data were not used to perform a full sedimentological analysis of the 
samples, but rather to gain a baseline of possible diagenesis that may have affected the 
phytolith assemblages and to generally characterize the sediments prior to the analyses 
presented in this paper. 
 
Phytolith Extraction 
 Phytoliths were isolated and extracted from the sediments following the method 
described by Katz et al. (2010). Approximately 50 mg of sediment were placed in a 1.0 
ml microcentrifuge tube and 50 µl of 6 N HCl were added to dissolve the carbonate 
components. Once the chemical reaction was completed (usually 1-2 minutes) and the 
samples were mixed, 450 µl of sodium polytungstate (sg = 2.4 g/l) was added to the 
sample, vortexed, sonicated for 30 minutes and centrifuged at 5000 rpm for 5 minutes. 
The supernatant was transferred to a clean tube and 50 µl was placed on a microscope 
slide for phytolith identification and counting. 
 
Phytolith Concentration Calculations 
After slide preparation, phytoliths were counted to determine concentrations per 
gram of sediment. Per standard practice (Katz et al. 2010), 16 fields on the slide were 
scanned for phytoliths and the total number of phytoliths in these fields was recorded. 
The total was then used to extrapolate the approximate number of phytoliths present on 
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the entire slide. This number was multiplied to reflect the total amount of extracted 
supernatant and the initial weight of sediment measured. The resulting figure indicates 
the concentrations of phytoliths per gram of sediment (Appendix A). Sponge spicules and 
diatoms that likely originated in standing water in the cave were recorded when present. 
Additionally, microcharcoal was present in nearly all the analyzed samples. These 
microremains were counted when they appeared on a prepared slide and categorized into 
one of five groups: none, rare (<5), sparse (<10), some (<20), many (50-100), and 
frequent (> 100). The sponges, diatoms, and microcharcoal add detail to the analysis but 
are not included in the calculations based on phytolith identifications. 
 
Acid Insoluble Fraction  
 The acid insoluble fraction (AIF) was calculated to account for possible 
diagenetic alteration of the phytolith assemblages and to compare samples originally 
processed during excavation with the newer material. One hundred mg of sediment was 
weighed in crucibles and heated at 500 °C for five minutes in a muffle furnace to remove 
organic material. After they were cooled completely, the sediment was weighed and 
placed in 1.5 ml Eppendorf tubes with 1N HCl. After the reaction was complete, the 
samples were centrifuged at 6,000 rpm for 5 mins. The supernatant was discarded, and 
the samples were washed three times. The AIF was dried overnight in a low-temperature 
drying oven and weighed. The resulting AIF was compared with the number of phytoliths 
recovered from each sample and the concentrations of phytoliths per gram of sediment to 
identify samples that may have been diagenetically altered (Appendix A). However, the 
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two concentrations correlate strongly with one another, indicating that decalcification or 
diagenesis has not artificially concentrated phytoliths in any given sample. 
 
Identification and Plant Group Attributions 
Morphological identification of the phytoliths followed the standard literature 
(Appendices C, D; Twiss et al. 1969; Brown 1984; Rapp and Mulholland 1992; Parr and 
Carter 2003; Strömberg 2004; Madella et al. 2005; Piperno 2006). Terms consistent with 
anatomical identification are used to describe phytolith morphologies when possible; 
otherwise, phytoliths are described by shape according to the standards set out by the 
International Code for Phytolith Nomenclature (Madella et al. 2005). 
In general, a minimum of 200 phytoliths was identified on each slide, a number 
that produces a statistical error margin of 20%, which is acceptable given the constraints 
of specific identification (Albert et al. 2000, 2003; Albert and Weiner 2001). Samples 
with fewer than 200 identifiable phytoliths are usually not included in morphological 
analysis due to large statistical errors. In the Roc de Marsal assemblages, however, 
several important layers (e.g., Layers 4 through 2) had significantly lower phytolith 
concentrations than expected and it was often impossible to count the full 200 identifiable 
phytoliths in a single slide. However, to obtain as much information as possible from the 
Roc de Marsal sequence, up to nine additional slides were created with the remaining 
extracted supernatant. Identifiable phytoliths in the additional slides were identified until 
a statistically significant number was achieved. Initially, 25 samples did not meet the 
200-minimum requirement, and of these, 10 samples were identified as important enough 
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to recount (Appendix C). These samples were not interpreted in the same way as those 
that achieve statistical significance. However, the data recovered from these samples are 
included in charts and graphs, but they are noted in the Supplementary data.  
Phytolith types are presented as a relative frequency of total identifiable 
phytoliths per sample in the figures below, while full raw counts are given in a 
supplementary spreadsheet (Appendix C). Phytolith morphologies are grouped into four 
main categories: herbaceous dicotyledonous plants, woody dicotyledonous plants, 
monocotyledonous plants, and grass short cell phytoliths, with attributions following 
published comparative studies (see Appendix D; Madella et al., 2005; Neumann et al., 
2009; Piperno, 2006; Strömberg, 2004; Twiss et al., 1969). Additionally, silica without 
identifiable morphological characteristics was classified as follows: 1) melted: phytoliths 
discolored, partially amorphous, and bubbled; 2) weathered: phytoliths so pitted or etched 
that they could not be placed in one of the four groups; and 3) fragments: small pieces of 
broken phytoliths (Figure 4). 
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Figure 4. Prickle phytoliths recovered from Layer 9 demonstrating alteration in the form 
of pitting in the picture at right compared to the smoother surface of the phytolith at left. 
 
Results 
 
Exterior Control Samples 
To better understand the modern phytolith assemblages in the soils directly 
surrounding the site, two samples were collected from under leaf litter just outside of the 
cave and another was collected near the top of the cave on the plateau (Appendix B). It 
was hypothesized that these would provide the background signature of phytoliths around 
the site. However, these samples were very poor in phytoliths, with just 2 rondels and 3 
irregular rugulates recovered from all three samples. This paucity of phytoliths may relate 
to the fact that forest-type vegetation produces very low amounts of phytoliths per unit of 
biomass. Additionally, the silica in phytoliths is more highly bioavailable and is often 
dissolved and reabsorbed by plant growth in the vicinity (Farmer 2005). 
Two tree throws were sampled on the plateau over the course of several years. 
The three samples analyzed here had red clay layers at the base with very few phytoliths 
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(~35,000 phytoliths/g) that were very weathered and pitted to the point of being 
unidentifiable. The upper silty layers had more phytoliths (~500,000 phytoliths/g) that 
were more often identifiable. These assemblages were mainly made up of rondels, 
irregular rugulates, and parallelepipeds that were often broken and weathered (the 
assignment of these morphotypes to different plant groups will be discussed in greater 
detail below).  
The sample collected to the right of the entrance to the cave was made up of 
loose, sandy sediment that offered the opportunity to understand if phytoliths built up 
naturally over time in these exposed areas. This sample had very few phytoliths (avg. 2 or 
fewer phytoliths per slide), which were very irregular and weathered. It was, however, 
very rich in weathered quartz grains, round and fusiform diatoms, and pine pollen.  
 
Interior Control Samples 
 Four samples were collected from the area of the east tunnels, which connect the 
main area of Roc de Marsal to other smaller caves in the same system (Appendix B). 
These samples were also analyzed to provide a background signature of phytoliths within 
the site. Overall, these samples had an average of 22,309 ± 9,668 phytoliths/g of 
sediment, most often irregular or elongate rugulates. The L25 samples also included 
modern rootlets and pieces of weathered quartz.  
Two samples were collected from grid square J21 to assess the role of burrowing 
and bioturbation in phytolith deposition. These samples had evidence for earthworm 
burrows, plant roots, and in some cases coprolites from hyaenas or other large carnivores. 
 44 
 
In general, these samples had a somewhat higher average phytolith concentration of 
43,911 ± 4398 phytoliths/g. Irregular rugulates were the most prevalent, followed by 
rondel short cells from grasses. One sample was collected from the large burrow located 
in the back part of the site, which had a phytolith concentration of ~73,500 phytoliths/g. 
However, these phytoliths were very weathered and irregular. Most of the sample was 
made up of siliceous aggregates and clay/quartz aggregates. These may be related to how 
the burrow was formed, but this is the only sample in which these aggregates appear.  
 
Integrity of the Phytolith Assemblages 
Previous research has indicated that long cells are generally less well silicified 
than short cells and therefore may be destroyed more easily than the more robust short 
cells (Madella and Lancelotti 2012). Thus, the ratio of short cells to long cells was 
calculated to assess the overall degree of phytolith preservation among the layers at Roc 
de Marsal. Of the 52 samples with morphotype identifications, four samples had an equal 
number of long and short cells, and 16 had a greater number of long cells than short cells. 
Most samples (32) had a greater proportion of short cells. Moreover, many of the more 
highly decorated morphotypes (i.e., dendritics, echinates, hairs) are largely absent. These 
results indicate that there has been some degree of chemical dissolution or physical 
degradation of the phytoliths that were once present in the assemblages. Accordingly, the 
interpretation of the different morphotype groups must proceed cautiously. 
FTIR showed that the mineral composition of sediments from the < 2 mm size 
fraction consists mostly of thermally unaltered clay, calcite of geogenic origin (e.g., 
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weathering roof fall or bedrock), quartz, and dahllite in differing amounts depending on 
the layer. The lower layers (9 through 7) are characterized by a predominance of calcite, 
while the middle and upper layers have a stronger signature of quartz and clay (5 through 
1). The FTIR results also demonstrate that diagenetic alteration of the sediments under 
study is localized and correlates with phosphatic weathering surfaces that have been 
documented by Goldberg et al. (2012) (Figure 5). For example, dahllite is present in 
many of the samples, but it is mostly derived from small fragments of bones within the 
sediment, and its presence correlates with layers that contain a higher proportion of 
faunal remains. To test this hypothesis, samples were sieved at 250 µm to separate the 
sediment from the macro components, and bone fragments of several sizes were 
positively identified in those samples that also had a strong signal of dahllite. However, 
in samples from K18 dahllite was present after the samples have been sieved. This result 
may indicate a higher level of diagenesis in certain areas.  
In fact, the micromorphological analysis indicates that there were several 
localized areas, most notably the area around grid squares K18, with cemented ashes and 
sediment, chalky bones, and apatite crusts on limestone clasts. The area around the 
modern dripline (H18, F18) also showed thin surfaces of phosphates and phosphatic rinds 
on limestone chunks that are indicative of calcite dissolution (Figure 5; Goldberg et al. 
2012). Moreover, the FTIR spectra from this area demonstrate the presence of phosphates 
and dahllite. Such diagenesis and decalcification can compress layers leading to seeming 
concentrations of phytoliths that may be misinterpreted (Albert et al. 2000). However, the 
phytolith assemblages from these areas are extremely poor (Figure 6) and the values for 
 46 
 
phytoliths per gram of sediment and per gram of AIF correlate strongly with one another, 
indicating that this type of concentration has not taken place. The paucity of phytoliths in 
F18 may be related to changes in the layout of the cave that will be discussed below. The 
patterning of K18, however, seems to be related to stronger diagenetic alteration and 
many phytoliths that were once present have likely dissolved over time.  
The FTIR results and micromorphology also show the presence of both ashes and 
geogenic calcite, demonstrating that in some cases ashes are still preserved. The presence 
of well-preserved ashes and thermally altered clay provide further evidence for hearth 
features, which were identified during excavation, by micromorphological analyses, and 
by high concentrations of phytoliths as discussed below.  
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Figure 5. Photomicrographs from block of sediment in Layer 9, Square H18. A) plane-
polarized light (PPL) view showing calcareous ash with bones at the top resting on a mm-
thick band enriched in charcoal, in turn resting on a rubefied substrate of primarily sandy 
silt; a flint flake rests close to the rubefied base. Arrows indicate phosphatized domains. 
B) View of same area but in cross-polarized light (XPL). The dark (isotropic) zone in the 
XPL image shows phosphatization of what was once calcareous sediment. 
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Figure 6. Phytolith samples collected in 2005, prior to creation of the final excavation 
profile. A) Samples collected from grid square F18. The very low phytolith 
concentrations in this area appear to reflect the position of the original dripline. B) 
Samples collected from K18, in the front section of the cave. While these samples were 
collected from areas with possible CFs, their low concentrations may represent diagenetic 
alteration of the sediment. 
 
Phytolith Concentrations 
 
Diachronic Change 
Because of the mixed nature of the Layer 1 sediments, samples from this layer 
were briefly analyzed and included in the data presentation for comparative purposes but 
are not examined in detail. In general, phytolith concentrations varied greatly between 
layers, but there is a clear divide between samples from Layers 10 through 7 and Layers 5 
through 2 (Figure 7). Within the latter group, Layer 4 samples have the lowest 
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concentrations, commonly < 100,000 phytoliths/g, whereas the concentrations in Layers 
5, 3, and 2 are generally < 300,000 phytoliths/g. 
The lower layers present a very different picture. Layers 10 through 7 have 
phytolith concentrations of a million phytoliths/g or more. Layer 9 has the highest 
concentrations of phytoliths in any of the samples analyzed, generally 3-6 million 
phytoliths/g, though Layer 7 is similarly rich in phytoliths. The interbedded Layers (8 and 
10) associated with lighter-colored sediments have lower concentrations. 
  
 
Figure 7. Phytolith concentrations in Layers 10 through 1. 
 
Spatial Variation 
To understand possible patterns of spatial variation amongst the phytolith 
assemblages the concentrations for each layer were compared based on the area of the 
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cave from which they were collected. Only a small portion of the site was part of the 
more recent excavations, and the sediment from several portions of the cave was already 
absent when the phytolith sampling took place. However, there appears to be some 
spatial patterning to the phytolith assemblages in the front portion of the cave. In sum, the 
samples collected from the terrace have low phytolith concentrations (<500,000 
phytoliths/g), while samples from the front/central part of the cave have more phytoliths 
(<1.5 million phytoliths/g) (Figure 8). Samples collected from the area of the modern 
dripline have the densest concentrations of phytoliths, often more than 1 million and up 
to ~6 million phytoliths/g.  
 
 
Figure 8. Phytolith concentrations arranged by geographic position within the cave, all 
layers. The terrace area is defined as grid squares E through G, the dripline portion 
comprises grid squares H through J, and the front portion, grid squares K through M. 
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Though it holds true for all the sampled material, the pattern is clearest in the 
lower layers. In samples from Layer 9, the highest concentrations appear in grid squares 
G, H, and I, whereas the lowest concentrations are found in squares E and F. A slightly 
different pattern is noted for Layer 7, where the highest concentrations are found in H, I, 
and J, and the lowest concentrations appear in F and G. The concentrations for both 
layers begin to decrease towards the back of the cave, where there is also a decrease in 
archaeological evidence.  
The area of the modern dripline also correlates with the highest densities of CFs 
within the excavation area. So, the phytolith concentrations were compared with the 
presence or absence of a CF (Figure 9). The layers with CFs (Layers 7 and 9) have very 
high concentrations, whereas those without generally have very low phytolith 
concentrations. For example, the highest concentrations in Layer 9 (3-6 million 
phytoliths/g) were found in the samples from CF10 and CF14.  
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Figure 9. Phytolith concentrations in samples recovered from CFs vs. non-CFs, across all 
layers. 
 
Looking more closely at the layers with intact CFs, there is a slight difference 
between Layers 7 and 9 (Figure 10). In Layer 7, there is very little differentiation among 
samples collected directly from a CF feature versus those collected from the surrounding 
area. However, as seen in Figure 10, there is a difference in the Layer 9 CF samples 
(between 2 and 6 million phytoliths per gram) and those from other sediments (between 
10,000 and <2 million). 
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Figure 10. Phytolith concentrations in samples recovered from CFs-related sediments vs. 
non-CFs in Layer 7 as compared to those in Layer 9. 
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Plant Attributions 
 
Dicotyledonous Phytoliths 
Dicotyledonous phytoliths were divided into two groups according to their 
anatomical origin (wood/bark or leaf) (Figure 11, Appendices C, D). Leafy dicot 
phytolith types include dicot and unciform hairs, hair bases, tracheids (cylindric sulcates), 
and multi-cell polyhedral phytoliths. While dicot-type hairs are found in all layers, the 
other types of dicot leaf phytoliths are found predominantly in Layers 5 through 2, and 
they make up less than 10% of the total identifiable phytoliths. Jigsaw puzzle phytoliths, 
which may originate in dicots from deciduous forest environments, are rare but present 
(Tsartsidou et al. 2015). Dicot leaf phytoliths were recovered from less than half of the 
total analyzed samples. This low concentration of dicot leaf phytoliths may seem odd as 
leaf litter is commonly seen at the site today and likely would have appeared in the past. 
However, these phytolith morphologies are relatively delicate and may have dissolved or 
been broken down more quickly than other types (Cabanes and Shahack-Gross 2015; 
Wildling and Drees 1974). Additionally, dicot leaves tend to produce fewer phytoliths 
overall than grasses (Albert 2000). 
Wood and bark phytoliths include discoids, ellipsoids, irregulars, platelets, 
spheroids, and parallelepiped blocky and thin phytoliths (Albert et al. 2000). These 
phytoliths are found in high proportions in all layers. Irregular phytoliths are found in the 
highest percentages of any phytolith type in all the layers, accounting for 20-40% of the 
total identifiable phytoliths per sample on average. While this pattern does echo the 
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overall wood/bark pattern, the high concentration of irregular phytolith types may also be 
due to their more robust nature and the fact that other phytoliths may weather into a shape 
or texture that resembles true irregulars (Cabanes et al. 2011). This robustness may 
account for the predominance of irregulars in Layers 4 to 2, correlating strongly with the 
number of weathered phytoliths. Overall, dicotyledonous phytoliths account for more 
than half the identified phytoliths in most samples, reaching peaks in Layers 9, 5, and 4. 
 
Monocotyledonous Phytoliths 
Phytoliths characteristic of sedges or palms were not recovered from the Roc de 
Marsal assemblages, thus the monocot phytoliths most likely originated in grasses. The 
grass phytoliths were divided into a general category of monocot phytoliths (e.g., those 
that cannot be assigned to either leaves or inflorescences), phytoliths from the 
inflorescences of grasses, those from the leaves and stems of grasses, and those 
originating specifically in short cells of different subspecies of grasses (Figure 11, 
Appendices C, D). Inflorescence morphotypes includes long cells of the echinate and 
dendritic varieties, papillae, and hairs. The monocot leaf/stem phytoliths include prickles, 
stomata, bulliforms, and elongate psilates and rugulates. Prickles and bulliform phytoliths 
were present in nearly all the analyzed samples and generally presented as 10-15% of the 
identifiable phytoliths. Parallelepiped elongates (both psilate and rugulate types) make up 
around 20-40% of total identifiable phytoliths in all the samples, though they reach a 
peak in Layers 9 and 7. The ubiquity of these phytolith types falls in line with their 
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robustness, as they are generally some of the last phytoliths to dissolve or weather as 
samples ages (Cabanes et al. 2011). While decorated long cells (echinates, dendritics, 
polylobates) are found in lesser amounts (less than 10%) in many of the samples, they are 
more numerous in the lower layers. In every sample, the clear majority of grass phytoliths 
originated in the leaves and stems of those plants and the percentage of grass 
inflorescence morphologies never reaches more than 10% in any sample. 
 
Grass Short Cells 
Grass short cells present the strongest pattern of all the phytolith types. This group 
includes bilobates, crosses, trapeziforms, and rondels (Figure 11, Appendices C, D). 
Grass short cells are invaluable for their use as environmental indicators, as different 
types are associated with the subfamilies of grasses Festucoideae (now incorporated into 
Pooideae), Chloridoideae, or Panicoideae (Soreng et al. 2015). Pooid grasses 
(exemplified by rondels and crenates) are indicative of a somewhat more temperate, drier 
environment, while Panicoid grasses (e.g., bilobates, cross-shaped, polylobates) tend to 
thrive in warmer, wetter environments (Twiss et al. 1969; Pearsall and Piperno 1993). 
Pooid grasses are still the most common type in the region today. 
Grass short cells are present in nearly all the analyzed samples. No phytoliths 
corresponding to Chloridoid or Arundinoid grasses were identified in the Roc de Marsal 
samples. Pooid-type phytoliths generally have the highest concentrations among short 
cell types (between 45-50% generally, and up to 100%). However, Panicoid grasses 
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(specifically, bilobate and polylobate short cell types) were identified at significant 
frequencies generally between 5-35%, but often up to 45% in samples from Layers 10 
through 7 (Figure 12). 
 
 
Figure 12. Percentage of Panicoid-type phytoliths among total grass short cells identified 
for each sample, organized by layer. The upper layers had many fewer samples with 
statistically significant numbers of identified phytoliths, leading to much smaller sample 
sizes. 
 
Other Types 
Previous research has indicated that elevated proportions of phytoliths in 
anatomical connection in comparison to the number of individual phytoliths reflects well-
preserved assemblages. Unfortunately, examples of phytoliths in anatomical connection 
were extremely rare in this assemblage. The scarcity of multi-celled phytoliths may be 
 59 
 
due to diagenetic alteration or to post-depositional processes such as trampling or rake 
out. In Layer 9, phytoliths in anatomical connection account for < 10% of identified 
phytoliths. There is only one example of a multi-celled silica skeleton in Layer 7, though 
it is very large and made up of nearly 60 connected phytoliths. 
In addition to identifiable phytoliths, weathered and melted phytoliths can provide 
more detail when comparing different layers. The main difference between samples from 
Layers 9 and 7 is in the frequency of melted and weathered phytoliths. Layer 9 samples 
have the highest proportions of melted phytoliths (about 4% of total phytoliths from 
Layer 9, vs. 2% in Layer 7), whereas Layer 7 CF samples have the highest percentages of 
weathered phytoliths (6% on average for the layer).  
Finally, the other types of microremains recovered from the samples can help add 
detail to the analyses. Microcharcoal was recorded in all of the samples collected from 
Layers 10 through 5, and only rarely found in the upper Layers 4 through 2. A similar 
pattern can be seen for the diatoms and sponge spicules. In general, very few of these 
microremains were found in any sample at Roc de Marsal, but the majority were 
recovered from Layers 5 and below.  
 
Morphotypes from CFs 
As noted previously, samples from CFs have the highest concentrations of 
phytoliths at the site, clearly indicating that plant material was a major component of 
these features (Figure 8). However, there is a difference in the phytolith morphotypes 
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found within CFs from Layer 9 compared to those in samples not associated with a CF 
(Figure 13). In Layer 9, dicotyledonous phytoliths mostly originating in the wood and 
bark account for an average of 36% of the identified phytoliths in CFs; non-CF samples 
average 15%. There is a similar pattern in Layer 7 (24% dicot in CFs, 16% in non-CFs), 
but there is greater overlap between samples from within and outside of CF features, and 
these populations are virtually indistinguishable (Figure 13). Differences between Layers 
9 and 7 are discussed in greater depth in the following section. 
 
 
 
Figure 13. Differences in average percent dicotyledonous phytoliths in CFs versus non-
CFs. Samples with fewer than 200 identifiable phytoliths were excluded. 
 
Discussion 
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Phytolith Deposition 
There are several possible modes of entry for phytoliths into the cave. These 
processes include percolation of water through sediment, wind, animal activity (both 
nesting, presumably during periods of abandonment, and bioturbation by worms, small 
mammals, and hyenas), and hominin activity (Sandgathe et al. 2011b). The phytolith 
assemblages from the upper layers strongly resemble the control samples collected from 
the loess found in the tree throws. Both groups have low densities (~20,000 phytoliths/g 
outside and ~10,000 inside) and are primarily made up of irregular and weathered 
phytoliths with scarce rondels. This pattern indicates that the phytoliths may have blown 
into the cave from the surrounding environment and were deposited with the other 
aeolian sediments in these layers. Other plant material such as leaves, branches, or twigs 
may have also blown into the site and become incorporated into the sediment over time. 
Some of the phytoliths from the upper layers may be the result of hominin action, but it is 
difficult to relate the phytoliths with the behaviors seen archaeologically. The pattern for 
the upper layers contrasts strongly with Layers 9 through 7, where very high 
concentrations of a variety of phytolith types are found in conjunction with CFs. Though 
there may still have been a background signature of natural phytolith deposition during 
this time, it seems likely that many of these phytoliths are instead related to the activities 
of Neanderthals within the site.  
In general, below Layers 1 and 2, the sediments at Roc de Marsal were not 
affected by the burrowing or tunneling of larger rodents or animals. However, there is 
some evidence for bioturbation in the form of earthworm tunnels extending throughout 
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the profile (Sandgathe et al. 2011b); the frequency of these small worm tunnels decreases 
with depth below Layer 2. The control samples collected from areas of the site with 
identifiable burrowing tend to have an average of 60 to 70,000 phytoliths/g of sediment 
and are generally made up of irregulars and rondels. The burrowed samples also have 
evidence for siliceous aggregates that is not found elsewhere in the phytolith 
assemblages. Thus, it appears that burrowing and bioturbation may have resulted in some 
limited phytolith accumulation, but the assemblages are often less dense and of a more 
limited nature than the areas that were more anthropogenically altered.  
Micromorphological analysis revealed small stratigraphic gaps and weathering 
crusts on some deposits, indicative of time between deposition (Sandgathe et al. 2011b; 
Aldeias et al. 2012). While few hyena coprolites were found in the lower layers, their 
frequency does increase in the upper layers, pointing to periods of decreased hominin use 
of the site. However, the limited evidence of carnivore modification on faunal remains 
suggests that the presence of hyenas was also, overall, limited (Sandgathe et al. 2011b). 
The movement of large mammals in and out of the cave may have deposited some plant 
material, but deposits impacted by carnivores also correspond to samples with very low 
phytolith concentrations.  
 
Environmental Context 
Though phytoliths in archaeological sites are used as proxies for hominin plant 
use, plant microremains are also a reflection of the environment in which they grew. It is 
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therefore important to consider these assemblages as a combination of available plant 
resources and Neanderthal choice. Phytoliths reflect the local environment around an 
archaeological site, but the larger diachronic patterns of the plant assemblages may also 
reflect larger climatic events. In general, Layers 10 through 7 have a wider variety of 
phytolith morphotypes, whereas there is much less variability in Layers 5 through 2. This 
difference is likely correlated with a more constrained set of available plant resources 
during the more arid, cooler climate of the upper layers versus a wider variety of plant 
resources available during the earlier warmer, humid period. Indeed, the plant resources 
available during the time of Layers 10 through 7 may have been even greater and more 
varied than what can be seen in the phytolith assemblages now, as certain morphologies 
(e.g., the more highly decorated morphotypes from inflorescences and dicot leaves) may 
be absent due to dissolution and no longer represented in the analyzed samples. 
The different types of grass short cells recovered at the site can be used to discuss 
environment and reflect climate change at Roc de Marsal (Pearsall and Piperno 1993; 
Piperno 2006). The phytolith assemblages fall into two main groups: those from warm, 
wet, likely forested environments, and those from drier, more open environments. Layer 
9 has the strongest indications of a warmer, wetter climate based on the high percentage 
of Panicoid short cells (Figure. 12) Additionally, rounded and fusiform diatoms were 
recovered from Layer 9 and may indicate either standing water nearby or that these 
microremains were attached to plant material once growing near water that was then 
brought to the cave. Some research has indicated that morphotypes such as bulliforms 
and phytoliths in anatomical connection can also be related to increased water in the 
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environment in which plants are growing (Bremond et al. 2005; Shillito 2011; Strömberg 
et al. 2007). This connection has mostly been studied in agricultural settings or in terms 
of irrigation, so the applications to a Paleolithic site are not well known as phytoliths in 
anatomical connection may be disturbed by processes like bioturbation and weathering 
(Cabanes et al. 2009). However, Layers 9 and 7 have the largest percentages of both 
bulliforms and phytoliths in anatomical connection and may add support to the 
environmental attributions. The bilobate short cells, phytoliths in anatomical connection, 
and diatoms decrease slightly in Layers 8 and 7, though they remain high in comparison 
to Layers 5 through 2.  
Overall, the environmental interpretation of the phytolith assemblages from the 
lower layers correlates strongly with interpretations derived from sedimentological and 
faunal analyses. The sediments in Layers 10 through 7 are brown to grey-brown clayey 
silts with a strong anthropogenic component (e.g., charcoal, very fine fragments of burnt 
bones particularly in Layers 9 and 7). These layers have a mixed faunal assemblage that 
includes red and roe deer, horse, pig, and beaver, with reindeer rare finds (Discamps et al. 
2011; Castel et al. 2016b). These are all signatures of somewhat warmer and forested 
environment and it seems likely that these layers correlate to MIS 5.  
There is a clear transition to drier conditions during the deposition of sediments in 
Layers 5, 4, and 3, with the complete disappearance of Panicoid-type phytoliths, and 
scarce diatoms and sponge spicules. The sediments of the upper layers are also indicative 
of an environmental shift. There is a change in Layers 4 through 2 to a more yellowish 
hue, an aeolian component, and even ice lensing and extensive coatings on grains, 
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indicating a drier, colder, and more open environment (Sandgathe et al. 2008; Sandgathe 
et al. 2011b; Aldeias et al. 2012). The faunal assemblage follows a similar pattern. Layers 
5 through 2 are almost entirely dominated by reindeer remains, indicative of a colder, 
drier environment (Discamps et al. 2011; Castel et al. 2016b) and matches the 
micromorphological data. Thus, these layers likely correspond with the glacial conditions 
of MIS 4.  
Overall, these proxies indicate that the environment around Roc de Marsal shifted 
sometime after the deposition of Layer 7, transitioning from a more temperate 
environment to a colder, glacial climate. Additionally, the possibility of changing site use 
must be examined. During the micromorphological analysis, weathering crusts were 
noted in several parts of the cave and hyena coprolites were noted in the thin sections 
starting in Layer 4, but the density of lithic artifacts is still very high, and density of fauna 
is highest in Layer 4 (Sandgathe et al. 2011b). This pattern may indicate a more 
interspersed occupation of the site that alternated between humans and periods of 
abandonment that is related to the increased mobility patterns noted for sites with Quina 
technology (Delagnes and Rendu 2011; Lin et al. 2015; Niven et al. 2012). Thus, plant 
deposition patterns would likely have changed as anthropogenic, natural, and animal 
depositional forces acted on the sediment (Fernandez Rodriguez et al. 1995). 
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Spatial Patterning 
The differing concentrations of phytoliths throughout the cave are related to the 
interplay of natural forces and anthropogenic activities. For example, the sharp decrease 
in phytolith concentrations from the terrace grading towards the modern dripline may 
correlate with the placement of the original dripline of the cave before the roof began to 
weather in both small pieces and large blocks throughout the occupation sequence 
(Figure 14). It was originally hypothesized that the dripline had only moved back one to 
two meters based on the size and frequency of the blocks noted during the excavation of 
the terrace. The pattern of weathering and the low concentrations of phytoliths in the 
terrace area may be an indication of how and when the dripline moved. 
 In Layer 9, the phytolith concentrations drop sharply near the boundary between 
grid squares E and F and the few phytoliths that were recovered from this area are very 
etched and pitted. The same pattern is seen between grid squares F and G in Layer 7. The 
surface retexturing and very low concentrations may relate to chemical dissolution and 
weathering because these surfaces were not protected by the roof and sediments of the 
cave. These patterns may indicate that dripline was somewhat closer to grid square F 
during Layer 9, protecting the area and the phytoliths within them (Figure 14). The 
dripline then retreated prior to the deposition of Layer 7, affording less protection to the 
area around grid squares F and G. The phytolith patterns may be an indication that the 
dripline moved slightly more than was originally hypothesized, or that the terrace area 
was once more protected than it is currently.  
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Additionally, the placement of the hearths in Layer 7 is further back in the cave 
than during Layer 9 times. The spatial distribution of burned lithics showed a few areas 
of higher concentration that also correlate with these areas of high phytolith 
concentration, but in general the lithic and faunal assemblages do not show clear spatial 
patterning (Aldeias et al. 2012). Based on the above information, it seems that the 
concentration of phytoliths within the site is related both to Neanderthal activity and the 
changing layout of the cave. As the dripline collapsed and retreated, the location of 
hearths and other activity areas likely changed to better suit the morphology of the cave. 
Thus, the areas of phytolith accumulation also changed along with these activity areas. It 
is unclear how much of the rest of the cave was affected in these ways because the 
different excavation methods of Laville’s earlier work make a similar reconstruction 
impossible.  
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Pyrotechnology 
It seems likely that wood was a component of the fuel sources at Roc de Marsal. 
However, because of a general lack of identifiable pieces of charcoal during excavation, 
as well as evidence from other sites in the region, there has been debate regarding the fuel 
for fires in use during the Middle Paleolithic (Albert et al., 2012; Marquer et al., 2010; 
Sandgathe et al., 2011b). Wood, dried grasses, and bone have all been presented as 
possible fuel sources for Neanderthals. Evidence supporting wood fuel use at Roc de 
Marsal includes that wood/bark dicotyledonous phytoliths are found in every sample 
analyzed at the site, most often representing about 30% to 50% of the total sample 
(Figure 11), and that samples specifically from CFs in Layer 9 show a predominance of 
phytoliths from the wood/bark of dicotyledons (Figure 13). Layer 7 CFs exhibit a similar 
trend, though there is greater overlap between samples from CFs and non-CF samples, as 
described above. 
However, the CF-associated samples also exhibit a proportion of grass phytoliths. 
Woody plants produce much lower concentrations of phytoliths than grasses, whereas 
grasses produce the highest density of phytoliths per plant (Albert et al. 2000; Cabanes et 
al. 2010). This difference in phytolith production means that grass phytoliths are 
prevalent in nearly every environment and can naturally adhere to the outer surface of 
many other types of plants. Thus, wood brought into a site is almost always contaminated 
with grass phytoliths, potentially obscuring the wood/bark signature (Albert 2000, 
Tsartsidou et al. 2007). Previous research has estimated that wood/bark percentages of 
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between 20-30% of a sample is high enough to indicate a significant input of woody 
dicotyledons into a context (Albert and Weiner 2001; Albert et al. 2003). The relative 
percentage of wood/bark phytoliths in Layers 9 and 7 is clearly in line with these 
expectations (Figure 13). Moreover, the highest frequencies of microcharcoal fragments 
were noted in these layers, often with more than 100 or 200 very small pieces of 
microcharcoal counted per slide.  
Although samples from Layers 9 and 7 all have significant inputs of wood/bark 
phytoliths, there are a few key differences between the two layers. Most notably, Layer 9 
has a higher overall concentration of phytoliths, more intense correlations between CFs 
and phytolith concentrations, and a higher amount of melted phytoliths. These differences 
may be interpreted in several ways. Most obviously, the highest inputs of plant matter 
into the site are associated with more intense hearth building and combustion events. 
Furthermore, there appears to be a difference between fire use and/or management 
between Layers 9 and 7. These differences likely reflect the changes in the morphology 
of the cave as the dripline retreated but may also indicated further differences in the way 
the site was used (e.g., long-term occupation vs. seasonal occupation), or a change in the 
intensity of site use. The question of intensity of site use as related to microscopic 
archaeological traces can be difficult to assess, as the sedimentation rate within the site 
must be carefully considered. The inputs of animal bones and lithics stay at a similar 
density throughout the occupation of the site, but an increase in the natural sedimentation 
of the site at any interval might make the concentrations of phytoliths appear lower. 
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Additional information on the possible firing temperatures of the CFs can be 
added to the phytolith concentration data. Phytoliths are generally resistant to heat 
alteration as the melting point of silica is 1000 ˚C, but increased duration and the 
presence of mineral salts can decrease the melting point leading to warping, bubbling, 
and color changes at lower temperatures (Piperno 2006). The main difference between 
the identifiable phytoliths recovered from Layers 9 and 7 lies in the weathered versus 
melted categories. Layer 9 has the most evidence for melted phytoliths of any layer at the 
site (between 2-5% of identifiable phytoliths on average), whereas Layer 7 has very few 
melted phytoliths but an increased amount of weathered phytoliths (up to 15% of a 
sample in the most extreme case). Combined with the high phytolith concentrations, 
sizeable percentage of melted phytoliths, and a generally higher number of intact CFs, it 
seems that the temperature of fire use was greater during the deposition of Layer 9.  
 
Other Use of Plants 
As with the relationship between dicot phytoliths and CFs, areas where 
monocotyledonous phytoliths are more prevalent may point to another type of phytolith 
deposition. For example, the micromorphological analysis of samples collected from 
Layer 7 shows that some of the CFs were constructed and used, raked out, and then new 
hearths built above, which may have created a diffuse signature of monocot and dicot 
phytoliths throughout the layer (Figure 13, Aldeias et al. 2012). However, in Layer 9 a 
higher percentage of dicot phytoliths was recovered from within CFs while more 
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monocot phytoliths were recovered from the area outside the CFs. This pattern indicates 
that woody dicots were used preferentially in hearths, likely as fuel. But, it appears that 
some of the monocotyledonous plants entered the site for a different activity or as part of 
another depositional process. 
Natural sources should first be considered, as some of the monocot phytoliths 
may come from plant material that blew into the site or may have been growing as part of 
the cave ecosystem. This material could have decayed in place and become incorporated 
into the sediments. However, if natural accumulation was the main source for monocot 
phytoliths a more even spread of the phytoliths should be seen throughout the site, as they 
would still be part of the sediment on which fire features were made. Thus, many of the 
grass phytoliths appear to be anthropogenically deposited based on the patterning noted, 
and the lack of monocot phytoliths in any of the interior control samples. 
Areas enriched in monocot phytoliths have been identified in several Middle 
Paleolithic sites, and these are often interpreted as part of surface preparation around 
hearths for a variety of purposes. Though rare in Middle Paleolithic sites, a few examples 
of bedding or bedding preparations using grasses in the areas around hearth features exist 
in Neandertal sites, and in an Anatomically Modern Humans sites in South Africa (Henry 
et al. 2004; Karkanas et al. 2002; Madella et al. 2002; Cabanes et al. 2010; Wadley et al. 
2011). The preparation of surfaces for bedding or as activity areas is well documented in 
ethnographic literature regarding hunter-gatherer use of space in cave sites (e.g., 
Galanidou 2000).  
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To securely identify bedding or surface preparation in the archaeological record, a 
suite of features must be present. Several layers at Sibudu (South Africa) and Esquilleu 
(Spain) contained high concentrations of grass phytoliths in anatomical connection in the 
areas between hearth features (Goldberg et al. 2009; Cabanes et al. 2010; Wadley et al. 
2011). Moreover, when examined during micromorphological analysis, these layers also 
exhibited microstructures of bedded plant material. Additionally, all the sites of possible 
bedding also exhibited a significant difference in the percentages of monocots versus 
dicots within and without hearth features (Madella et al. 2002; Cabanes et al. 2010; 
Wadley et al. 2011). Unfortunately, the micromorphological and phytolith analyses of 
Roc de Marsal did not show evidence for phytoliths in anatomical connection, thus other 
characteristics must be examined. 
When these other indicators are not present, large percentages of grass phytoliths 
beyond what may be expected from contamination or the initial starting of fires must still 
be explained. For example, Grotte XVI, located in the same region of SW France as Roc 
de Marsal, also had a significant input of monocot phytoliths at the site. The excavators 
of Grotte XVI originally hypothesized the introduction of these plants for special uses, 
including smoking and fish drying, bedding, and burning of grasses as part of a cleaning 
scheme, but there is little discrete evidence for specific activities (Karkanas et al. 2002). 
At Roc de Marsal, the amount of grass phytoliths and differences between CF and non-
CF sediments appears broadly similar to those at Grotte XVI.  
The monocot concentrations at Roc de Marsal may therefore be related to a 
variety of activities, such as an alternate fuel source, surface preparation, bedding, 
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contamination of grass phytoliths on wood, surface preparations, bedding, or even as a 
food resource. Due to the limited nature of phytolith sampling and the continued and 
intense use of the site, however, it is impossible to precisely determine the activity that 
resulted in the distribution of monocot phytoliths across these layers. Based on the 
micromorphological analysis of Layer 7, for example, it was noted that there were 
examples of stacked CFs but also that these features could be found throughout the 
occupation area; there also was evidence of sweeping, ash dumps, and trampling 
associated with these features (Aldeias et al. 2012). The mixed phytolith signal visible 
here may result from the creation of CFs and the deposition of grasses on a surface 
already contaminated with materials from previous CFs, forming a palimpsest of beds 
and combusted materials. The CFs in Layer 9 were likely created on a somewhat cleaner 
surface, leading to less mixing and perhaps the clearer separation between areas of 
monocots vs. dicots. 
 
Conclusions 
 
The phytolith assemblage from Roc de Marsal provides evidence for an 
environmental shift that occurred around Layer 5 when a more forested and humid 
environment transitioned to an open, drier environment. This environmental shift 
indicated through phytolith analysis is also reflected in the sedimentological data, and 
lithic and faunal assemblages. In addition, phytoliths act as proxies for a variety of 
Neanderthal behaviors, providing a more nuanced understanding of site use through time. 
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When considered in conjunction with micromorphological analysis of specific 
combustion features, phytoliths support the interpretation of wood for fuel and changing 
use of combustion features and fire management at the site through time. Finally, 
phytoliths at Roc de Marsal demonstrate that the Neanderthals inhabiting the site may 
have been using plants in a variety of ways otherwise unseen in the macroscopic 
archaeological record, but which can be seen through the enrichment of grass phytoliths 
in certain layers and areas of the site. Phytolith analysis can offer a new window into the 
interpretations of both environment and behavior in the Middle Paleolithic at a high 
degree of stratigraphic and contextual resolution.  
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CHAPTER THREE: ARCHAEOLOGICAL APPLICATIONS OF PHYTOLITH 
MORPHOMETRICS 
 
Note: The following is an article in preparation for submission to Journal of 
Archaeological Science. It is titled “Archaeological applications of phytolith 
morphometrics,” authored by Kristen Wroth.  
 
Abstract 
 Morphometric analyses of phytoliths are becoming more common due to the 
introduction of semi-automated, open access software for image analysis. However, most 
studies focus on economically important plants related to agriculture and are centered on 
the analysis of modern reference material with little application to archaeological 
situations. This study presents an experimental study of bilobate phytoliths from the 
leaves of seven Panicoid grasses to assess the range of variation that might be found 
within plants that produce bilobates. The bilobates of many of these species have 
overlapping measurement ranges but can be differentiated through a combination of size 
and shape measurements. A morphometric analysis of bilobates from the Middle 
Paleolithic site of Roc de Marsal serves as a case study to elucidate how morphometrics 
can best be applied to an archaeological situation. Although plant species could not be 
identified in the assemblage, the morphometrics approach was able to quantify the 
amount of variation within the assemblage and elucidate the effects of site formation 
processes on phytolith preservation.  
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Keywords: Phytoliths, Morphometrics, Computer-assisted image analysis, Bilobates, 
Panicoid grasses 
 
Introduction 
Phytoliths—hardened silica that is deposited in and around plant cells—have long 
been recognized as a tool in paleoethnobotanical studies for understanding ancient human 
plant use and for the reconstruction of past environments (Pearsall 2000; Piperno 2006). 
Due to their durable nature, phytoliths are particularly useful as they do not need specific 
preservation processes to preserve in the archaeological record (e.g., carbonization or 
fossilization), and they record information on the plant part in which the phytolith 
originated in addition to information about the family or species that produced the 
phytolith (Out et al. 2014). However, there are limitations because each individual plant 
may produce several different types of phytoliths, while different plant species may 
produce phytoliths that are similar in size and shape (Piperno 2006; Vrygdaghs et al. 
2016). This combination of variation within species and repetition of morphotypes among 
species makes it difficult to achieve detailed identifications beyond the family level, with 
such identifications becoming even more difficult among closely related taxa (Out and 
Madella 2017). 
There is a growing trend in phytolith research to employ morphometric analysis to 
quantify the differences between such taxa (e.g., Lu and Liu 2003; Ball et al. 2009; Lu et 
al. 2009; Out et al. 2014). Morphometrics is the quantitative assessment of both size and 
shape. This approach has been employed in many types of archaeological analyses (e.g., 
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lithic analysis and zooarchaeology), while in phytolith analysis morphometrics has been 
employed to understand domestication and foodways (e.g., Shillito 2013). In a typical 
application of morphometrics to phytoliths, researchers identify two closely related taxa 
that are economically important and then measure a variety of phytoliths from modern 
reference specimens. This process creates a set of size and shape parameters that can be 
used as a classification key to differentiate taxa in the archaeological record (e.g., Berlin 
et al. 2003; Ball et al. 2006; Out and Madella 2017).  
Such analyses do come with caveats regarding the application of morphometric 
analysis to archaeological assemblages. Researchers are often encouraged to carry out 
morphometric analyses on phytolith assemblages originating from closed contexts that 
are more likely to be the result of one or two species, such as storage containers (Out and 
Madella 2016, 2017). While these contexts may be the most appropriate to study, 
archaeological contexts of this type are rare, and it may be difficult to identify the 
appropriate class of modern reference taxa to investigate when exploring non-agricultural 
assemblages, as in archaeological sites that date to the Paleolithic (e.g., Madella et al. 
2002; Albert et al. 2012). As contemporary botanical environments of this period are not 
always well understood, and it is still unclear how and when early hominins were using 
plants, interpreting phytolith assemblages from sites of this age is difficult. The ability to 
both quantify and more specifically identify phytoliths from more types of deposits has 
wide reaching applications in understanding plant use and environmental contexts.  
This paper seeks to move beyond the comparison of single pairs of closely related 
taxa and to expand into a suite of bilobate-producing taxa to understand and quantify the 
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amount of natural botanical variation, both within and among species, that may have 
contributed to the bilobate component of archaeological phytolith assemblages. This 
article centers on seven bilobate-producing modern grasses and a case study of 
archaeological bilobate phytoliths from the Middle Paleolithic. I first analyze a set of 
modern Panicoid grasses to assess the range of variation in bilobate size and shape among 
diverse species of plants within a single subfamily. I then apply morphometrics to an 
assemblage of bilobate phytoliths from the Middle Paleolithic site of Roc de Marsal, in 
southwestern France (Wroth et al. in review; Aldeias et al. 2012; Sandgathe et al. 2011). 
Ultimately, this analysis finds that a morphometrics approach is not useful for analyzing 
this type of archaeological assemblage (e.g., not closed, unknown species) and that 
overlapping values and measurements in modern plants and difficulties in precisely 
measuring archaeological phytoliths make precise identifications of unknown 
archaeological assemblages extremely difficult. However, a morphometrics approach 
may be used instead to understand the amount of variation in the archaeological phytolith 
record to make hypotheses about plant use and deposition at Roc de Marsal.  
 
Theory and Methods of Morphometrics 
 
Morphometrics can be defined as “the quantitative description, analysis, and 
interpretation of shape and variation” in a given object (Rohlf 1990: 299). In 
morphometric analyses, many different measurements, such as width, length, and 
perimeter are collected and then converted into derivative measurements, including 
 80 
 
circumference, area, and volume (Slice et al. 1996). These morphometries can also be 
combined into various ratios to better describe shape, which can be difficult to represent 
with a single measurement. For example, convexity measures the degree of irregularity of 
an object and is measured as the ratio of the perimeter of the object to the perimeter of a 
box fitted around the object, termed the convex perimeter (Barcelo 2010; Russ 2006). 
The measurements to be analyzed are chosen based on the needs of the research project 
and previous morphometrics research in a specific discipline. After basic descriptive 
statistics and comparisons have been carried out, researchers will often employ a variety 
of multivariate statistical analyses to further separate the data, including principal 
component analysis (PCA), correspondence analysis (CA), and analysis of variance 
(ANOVA or MANOVA) (Rohlf 1990; Strauss 2010). To proceed with the analysis, 
researchers utilize all of these measurements and statistics to create a range of values that 
best defines the known measurements of a specific object or organism. These ranges can 
then be compared with other measurements, as well as unknown objects to attempt to 
classify or identify them.  
Morphometric approaches previously relied on the manual collection of 
measurements, which is slow and can be inconsistent, making it time consuming to 
achieve a statistically significant number of measurements (Reyment 2010) and 
introducing interobserver bias that limits replicability among individuals and laboratory 
working groups (Evett and Cuthrell 2015). As digital imaging technologies have become 
more sophisticated, however, morphometrics has benefitted greatly from increasingly 
rapid and precise methods. Recently, morphometric analyses have adopted easy to use, 
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open source image analysis software (e.g., ImageJ, FIJI; Schindelin et al. 2012) and 
macros or plugins for that software to automate much of the measurement process (Out et 
al. 2014). This suite of approaches provides quicker, easier, and more reliable 
measurements, minimizing interobserver bias (Ball et al. 2015). As these digital methods 
are further standardized, measurements can now be shared among research groups and 
integrated directly into new studies. 
 
Morphometric applications 
Morphometrics has been applied to many disciplines, including medicine, 
forensics, ecology, and anthropology. For example, variations in the size and shape of 
teeth can be tied to sexual dimorphism between the sexes, enabling forensic scientists to 
identify remains after disasters and paleoanthropologists to assess hominin fossils 
(Banerjee et al. 2016; Dykes 2016). A morphometric approach has also been applied 
extensively to a variety of archaeological disciplines. In lithic analyses it is employed to 
differentiate between different tool types (Thulman 2012) and add detail to discussion of 
technological skill related to different knapping styles and products (e.g., Iovita and 
McPherron 2011; Picin et al. 2014). Morphometrics is often used in conjunction with 
traditional typologies in archaeological ceramic studies to explore questions of 
standardization, evolution of vessel shapes through time, and assemblage variation (e.g., 
Wilczek et al. 2014; Selden 2017). Geometric morphometrics are also utilized in 
zooarchaeology to identify domestication trends in animals (e.g., Cucchi et al. 2011; Evin 
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et al. 2013; Ottoni et al. 2013) and to distinguish cut marks on bones (e.g., Otárola-
Castillo et al. 2017).  
Morphometrics are used extensively for species identification in many aspects of 
botany (see review in Cope et al. 2012). In paleoethnobotany specifically, morphometric 
approaches have been used to identify how both genetic factors (e.g., domestication) and 
ecological forces (e.g., water availability) affect the shape and size of seeds (Piperno 
2016). Plant domestication is a topic frequently explored with morphometric analyses; for 
example, paleoethnobotanists have used this approach to distinguish between 
domesticated and wild species of tobacco (Cuthrell et al. 2016), sorghum (Dahlberg and 
Wasylikowa 1995), millet (García-Granero et al. 2016), and barley (Ros et al. 2014). 
Researchers can also turn to morphometric analyses of experimental assemblages to 
understand how taphonomic factors affect plant structures preserved archaeologically 
(e.g., Bonhomme et al. 2017). 
 
Phytolith Morphometrics 
Morphometric approaches are frequently applied to the study of phytoliths 
because these microremains often have complex, highly three-dimensional shapes that 
can be difficult to describe with a single measurement. Moreover, many types of 
phytoliths can occur within a single plant (multiplicity), but many species of plants can 
produce similar phytoliths (redundancy) (Rovner 1971; Vrydaghs et al. 2016). To address 
issues of redundancy, phytolith analysts will first examine the phytoliths made by a plant 
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qualitatively to better understand which morphotypes might be most useful for 
morphometric analyses. Focusing on only a few types of phytolith at one time can help 
remove multiplicity as a factor during the analysis, and this issue can then be explored 
further with other methods. Researchers then collect a variety of measurements on a 
given morphotype to create a range of measurements from a single species. These ranges 
are then compared with measurements of other plants to create a key to classify 
phytoliths by family or species. This process helps mitigate multiplicity by focusing on 
the most useful morphotypes within a plant and then explores the effects of redundancy 
by highlighting the minute differences between morphotypes across multiple species.  
As with morphometric studies of seeds, this approach is particularly useful for 
distinguishing the phytoliths of domesticated species from their wild counterparts (e.g., 
Pearsall et al. 1995; Zhao et al. 1998) and to distinguish closely-related domesticates 
(e.g., Berlin et al. 2003; Out and Madella 2017). The many cultivars of wheat and barley 
have been studied extensively (Ball et al. 1996, 1999, 2009; Berlin et al. 2003), as have 
other cereals, including millet (Lu et al. 2009; Out and Madella 2016), rice (Zhao et al. 
1998), and oats (Portillo et al. 2006). Other important cultivated genera, such as bananas 
(Ball et al. 2006), have also been examined with morphometrics. The introduction of 
semi-automated macros and plugins for phytolith morphometrics image analysis has 
revolutionized this approach (Out et al. 2014), allowing researchers to create very large 
datasets for key crops that can be analyzed with unprecedented detail. For example, Out 
and Madella (2016) analyzed 4,000 bilobates from leaves of Panicum miliaceum 
(common millet) and Setaria italica (foxtail millet) originating in five populations of 
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plants. They were able to differentiate the bilobates of the two species using 
morphometries of shape, and also differentiate between populations. They continued this 
work on Pennisetum glaucum (pearl millet) and Sorghum bicolor (sorghum), finding that 
bilobate morphometrics could not provide a taxonomic classification in this instance (Out 
and Madella 2017). Both of these analyses highlight the important role that the growing 
environment plays in phytolith size and shape, finding differences in bilobate 
morphometries from plants grown in different regions (Out and Madella 2016, 2017). 
These studies have been vital to the understanding of many economically important 
plants, and the analysis of reference specimens in this manner allows for the definition of 
classification keys that may be useful when analyzing archaeological assemblages. 
 
Archaeological Applications of Phytolith Morphometrics 
The goal of most phytolith morphometric analyses is to create and apply 
classification keys and morphometrics-based taxonomies to archaeological assemblages. 
For example, Berlin et al. (2003) analyzed inflorescence bract phytoliths from various 
domesticated and wild wheats and barleys, utilizing modern reference material from 
Triticum monococcum (einkorn), T. dicoccon (cultivated emmer), T. dicoccoides (wild 
emmer), T. durum (bread wheat), T. aestivum (common wheat), Hordeum vulgare 
(barley), and H. spontaneum (wild barley) to create a classification key for each species. 
They then applied this key to phytoliths recovered from a storage jar with no visible plant 
macroremains and were able to identify those phytoliths as Triticum aestivum. The 
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phytoliths could then be linked to plant resources discussed in contemporary historical 
texts (Berlin et al. 2003). Peto et al. (2013) used a morphometrics approach to compare 
phytoliths recovered from a vessel with modern reference material and identified 
domesticated Triticum (wheat) and wild Avena (oat) phytoliths. However, analyses that 
include specific, archaeologically based research questions and datasets are still 
infrequent as the database of reference material is still being created. 
Both the analyses of modern reference material and of archaeological 
assemblages have indicated that several limitations and issues must be considered before 
applying phytolith morphometrics to archaeological situations. First, an assemblage with 
a statistically significant number of a single morphotype (200-300 phytoliths) is 
necessary to use the morphometric parameters because of the high level of variation both 
within a single plant and within multiple plants of the same species (Ball et al. 1996, 
2006; Out and Madella 2016). In many archaeological assemblages it can be difficult to 
find 200 identifiable phytoliths in any given sample, much less 200 of the same type. 
Second, many taxa commonly used by humans have several closely related subspecies, 
both wild and domesticated, that occupy the same ecological niche. Thus, all of these 
similar plants should be investigated with morphometrics to ensure that quantitative 
descriptors can provide taxonomic distinctions that hold true for each species, similar to 
the analysis of sorghum and pearl millet discussed above, which could not be 
distinguished with bilobate morphometries (Out and Madella 2017). Alternatively, 
researchers are encouraged to analyze samples from closed contexts where the plant 
material is likely to have originated from a limited range of species, such as storage 
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vessels, pit linings, etc. (Out and Madella 2016). Third, archaeological phytolith 
assemblages have been formed by many taphonomic factors related to the deposition and 
alteration of plant remains. Many of these factors can affect the shape and size of 
phytoliths, as well as bias the morphotypes that are preserved, with specific morphotypes 
preferentially losing definition due to taphonomic processes (Ball et al. 2015; Cabanes 
and Shahack-Gross 2015; Out and Madella 2016).  
The limitations of a morphometrics approach come from the fact that most 
archaeological phytolith assemblages are the result of the complex interplay of natural 
and anthropogenic forces in both the growth environment and disposal context. The 
studies discussed above have begun to address the anthropogenic component by 
comparing economically important taxa that can be directly linked to human action. 
However, morphometrics are less commonly applied to the question of natural phytolith 
deposition due to the large number of species that would need to be analyzed (e.g., 
preferentially all phytolith-producing species within an ecosystem). Classification of 
grass phytoliths using parameters of size and shape has been an important part of 
phytolith-based environmental reconstructions (e.g., Twiss et al. 1969; Brown 1984, 
Krishan et al. 2000), and some researchers have attempted to scale up these studies by 
analyzing morphotype groups from plants across a specific ecosystem (Lu and Liu 2003; 
Fahmy 2008). For example, Fahmy (2008) analyzed 66 Paniceae grasses from reference 
material originating in western tropical Africa, categorizing them first broadly by shape 
(e.g., lobate phytoliths) and then dividing them into more detailed groups using size 
categories based on several specific measurements (e.g., width. length, and the 
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width/length ratio of the bilobate shanks). Fahmy was then able to relate these groups 
back to the various genera and species to broadly understand assemblage composition, 
and to identify lobate shapes that were more rarely produced and, therefore, useful as 
markers of particular genera (Fahmy 2008). In light of this comparative study, subsequent 
analysis of phytoliths from an archaeological pit allowed Fahmy to narrow the 
identification to three possibilities based on shape and size; in combination with other 
archaeological data, he attributed the fossil phytoliths to Pennisetum glaucum (pearl 
millet).  
The results of these studies are promising, demonstrating that a morphometrics 
approach can help quantify the range of variation in a phytolith morphotypes among 
related species present in an ecosystem. However, to date no study has applied the more 
precise, semi-automated method discussed above to a larger group of similar genera. 
Moreover, it is unclear how a morphometrics approach could work when applied to an 
archaeological assemblage that does not originate in a closed context. Therefore, in this 
article I combine these approaches by exploring a specific phytolith morphotype 
(bilobates) from several related plant species and use digital, semi-automated methods for 
phytolith morphometrics to assess and define the variation found within plants that create 
bilobates. These results are then compared with an archaeological assemblage to 
understand how variation may be expressed in archaeological deposits. 
 
Methods 
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Modern Comparative Specimens 
Although the majority of morphometric studies have relied on the analysis of two 
closely related taxa, as reviewed above, most archaeological assemblages represent a 
variety of plants collected from the local landscape for many purposes (e.g., food, 
technology, fuel), as well as phytoliths deposited by natural forces. Thus, more than two 
species may have contributed to the formation of an archaeological assemblage. To scale 
up from a focus on a single pair of taxa, the leaves of four Panicoid grasses known to 
produce bilobates were collected and analyzed from a small area (less than half a mile) in 
Winfield, Illinois, a prairie environment with both invasive and native species (Table 2). 
Additionally, the leaves of several non-Panicoid species that produce morphotypes that 
are very similar to the traditional Panicoid bilobates were included to look for the outer 
limits of bilobate morphometry. These modern reference specimens were collected from 
herbarium specimens collected from Israel (Arundo donax, Stipa capensis, Oryza sativa). 
All the genera analyzed here, with the exception of Oryza, could have been present in the 
environment that once surrounded Roc de Marsal and so are suitable for comparison in 
the second phase of this research. 
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Table 2 Modern plant specimens collected for bilobate comparisons. 
Subfamily Tribe Species Common Name 
Panicoideae Andropogonodae Andropogon 
gerardii 
big bluestem, turkeyfoot 
Panicoideae Paniceae Echinochloa 
crus-galli 
cockspur, barnyard millet, 
water grass 
Panicoideae Paniceae Setaria pumila  pigeon grass, cattail grass 
Panicoideae Paniceae Setaria viridis green foxtail, green 
bristlegrass 
Arundinoideae Arundineae Arundo donax giant reed 
Pooideae Stipeae Stipa capensis needle grass, steppegrass 
Oryzoideae Oryzeae Oryza sativa domesticated rice  
 
The preparation of grass leaves for reference material followed the protocol 
outlined by Out and Madella (2016). The specimens were placed in a bath of deionized 
water, sonicated, and rinsed to remove any debris or contaminating phytoliths that might 
have adhered to the outside of the plant. Each leaf was soaked in deionized water 
overnight to facilitate the breakdown of the organic matter within the plant, and then 
soaked in concentrated household bleach (4%). The samples were checked every 30 
minutes during the bleaching process because plant matter can break down very quickly 
in the bleach and will completely dissolve if left too long. Once the tissue turned 
completely white or clear, the samples were again soaked in deionized water to remove 
as much bleach as possible while keeping the plant tissue intact. Following this rinse, the 
samples were soaked in acetone to remove the water and facilitate the drying process. 
To prepare the slides for analysis, small pieces of each tissue were laid on a slide 
with two drops of acetone and allowed to dry with the cover slip in place and a small 
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weight on top. After several hours, the coverslip was removed, four drops of immersion 
oil (Cargille type B) were added to the slide, and the coverslip was replaced and sealed 
with clear nail polish. The slides were studied at 400x magnification on a Leica DM750 
microscope and imaged using Leica Acquire software version 3.4. Slides were scanned 
until a bilobate phytolith was observed, and photomicrographs were taken when three or 
more bilobates were observed to facilitate efficient image analysis. Each 
photomicrograph was enhanced using Adobe Photoshop to increase the contrast, 
providing a clearer picture of the phytolith boundaries. 
Additionally, the samples originating in herbarium specimens collected from 
Israel (Arundo donax, Stipa capensis, Oryza sativa) were processed in a different manner 
than the other grass specimens.  These species were washed and sonicated to remove any 
contaminants, dried, and then immediately burned in a muffle furnace at 500°C until the 
material was completely ashed. The ash was rinsed with 1N HCl, dried, and mounted on 
microscope slides. This method produces a more homogenized sample with fewer 
phytoliths in anatomical connection and therefore preserves fewer other phytolith types to 
analyze. 
 
Image Analysis 
The analysis of the phytolith images followed the protocol outlined by Ball et al. 
(2015), using the freeware software ImageJ. Several plugins and macros have been 
specifically designed for this type of analysis, allowing for the semi-automation of the 
 91 
 
process (Out et al. 2014). The “PhytolithsBatch” plugin designed by Out et al. (2014) 
leads the analyst through the process of creating binary images of the phytoliths. Using 
the paintbrush tool in ImageJ, the analyst carefully draws around the exterior of the 
phytolith until its outline is fully traced, then all the surrounding area that does not 
include the phytolith is removed by filling the area with black, and the program inverts 
the colors to create a solid version of the phytolith (Figure 15). The plugin then 
automatically provides 17 pre-programmed morphometric statistics for each object 
(Table 3). The computer-aided measurements remove much of the observer bias related 
to defining measurements for differently shaped objects. For example, length of 
asymmetrical objects can be difficult to define in a repeatable manner by eye, but the 
plugin follows consistent guidelines and measures every phytolith in the same way. 
Additionally, since other analysts use this same software, the data presented can be 
directly integrated with other phytolith morphometric studies without concern for 
interobserver bias.  
Previous research has indicated that 50 to 100 phytoliths per sample is enough to 
cover the variation that may be present in each variable with a high degree of confidence 
(Ball et al. 2006; Out and Madella 2016). For the comparative specimens analyzed here, 
100 bilobates were measured from each species. 
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Figure 15 Examples of the binary images of bilobates produced by the PhytolithsBatch 
plugin. 
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Table 3 Morphometries of size and shape automatically measured by “PhytolithBatch” 
plugin in ImageJ. Following the definitions set out by Out et al. 2014; Ball et al. 2015 
Measurement Definition Category Unit 
Area Simple area of the feature Size µm² 
Convex area Area within a taut string around the feature Size µm² 
Perimeter Length of the feature boundary Size µm 
Convex 
perimeter 
Length of a taut string around the feature Size µm 
Length Longest cord within the feature Size µm 
Fiber Length Length of the feature along its medial axis Size µm² 
Width The minor dimension of the feature. Equal 
to the diameter of the smallest circle 
through which the feature may pass 
Size µm² 
Equivalent 
diameter 
(ArEquivD) 
Diameter of a circle with the same area as 
the feature 
Size µm 
Inscribed 
radius (MinR) 
Radius of largest circle that can be drawn 
around the feature 
Size µm² 
Form factor 
(Circ) 
Equals 4 x Area x π/Perimeter, it is 1.0 for a 
perfect circle and diminishes for irregular 
shapes 
Shape - 
Roundness Equals 4 x Area/π x Length², it is 1.0 for 
perfect circle and diminishes with 
elongation of the feature 
Shape - 
Convexity Ratio of convex perimeter to perimeter; it is 
1.0 for a perfectly convex shape and 
diminishes if there are surface indentations 
Shape - 
Solidity Ratio of area to convex area; it is 1.0 for a 
perfectly convex shape and diminishes if 
there are surface indentations 
Shape - 
Compactness Ratio of the equivalent diameter to the 
length 
Shape - 
Aspect ratio Equals length/width Shape - 
Elongation Equals fiber length/width Shape - 
Curl Equals length/fiber length  Shape - 
 
 94 
 
Archaeological Phytolith Preparation 
The original extraction of the phytoliths at Roc de Marsal followed the rapid 
method (Katz et al. 2010). Concentrated hydrochloric acid and a solution of sodium 
polytungstate (density = 2.4 g/ml) were added to sediment samples to isolate the 
phytoliths. The resulting supernatant was mounted on a slide and immediately analyzed. 
However, this method does not remove clays or organic material, which can result in 
slides that appear cluttered or dirty. Additionally, the resulting liquid that contains the 
phytoliths is not stable for more than 12 hours unless further steps are taken to remove 
the acids and wash the phytoliths. To facilitate the process of photography and image 
analysis necessary for the morphometrics, the sonication protocol outlined by Lombardo 
et al. (2016) was followed for the six samples with the highest concentrations of bilobate 
phytoliths. As with many methods of phytolith extraction, this protocol utilizes 
hydrochloric acid to remove carbonates, hydrogen peroxide to remove organic matter, 
sodium hexametaphosphate to assist with deflocculating the clay, and density-based 
separation of the mineral elements using a heavy liquid of sodium polytungstate (Piperno 
2006). To speed the process and aid in the more effective recovery of phytoliths, 
Lombardo et al. (2016) added sonication prior to or during each step of the extraction 
(Table 4). As the goal of this analysis was not absolute quantification but instead to 
generate a large quantity of bilobate phytoliths for high-quality photomicrographs, the 
sediment was not dried and weighed between steps as in the original protocol. 
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Table 4. Phytolith extraction protocol based on Lombardo et al. 2016. 
Purpose Method 
 5 mg of sediment measured into a 50 ml tube 
Sediment 
dispersion 
45 ml of a 5% solution of sodium metaphosphate added to the 
tube and sonicated for 10 min. Centrifuged at 1500 rpm for 3 
minutes. Repeated twice. Rinsed 3 times (supernatant pipetted 
off, filled with DI water, centrifuged for 2 mins at 2500 rpm) 
Remove 
carbonates 
A small amount of 10% HCl was added to the tubes. After 
waiting for the reaction to subside, more HCl was added until the 
reaction stopped. Rinsed 3 times 
Remove course 
particles 
The remaining sediment was rinsed through a 250-micron mesh 
sieve 
Remove organic 
material 
30 ml of 30% hydrogen peroxide was added to the tubes. The 
samples were sonicated for 30 minutes and left to sit overnight. 
They were then rinsed 4 times (2500 rpm for 2 min) 
Remove clay 45 ml of 5% sodium metaphosphate was added to the tubes, and 
they were sonicated for 10 minutes and centrifuged for 3 mins at 
1500 rpm. The supernatant was removed with a pipette, and the 
process was repeated 5 times until the supernatant was mostly 
clear. The samples were then rinsed 4 times.  
Isolate phytoliths 15 ml of sodium polytungstate at a 2.3 specific gravity was added 
to the samples, and they were sonicated for 10 min. They were 
centrifuged for 5 min at 3000 rpm. The top 10 ml of sodium 
polytungstate was moved to a second tube, and this process was 
repeated twice. The second tube was filled with water to lower 
the specific gravity, and the samples were centrifuged at 3000 
rpm for 10 min. Samples were rinsed 4 times. 
Prepare for slide 
mounting 
The remaining extract was dried and weighed.  
 
To prepare the slides for analysis, three drops of immersion oil (Cargille Type B) 
were placed in the center of a slide. The oil was carefully spread out with a disposable 
micropipette tip until the pool of oil was slightly smaller than the 25x25 mm cover slips. 
A very small amount (<0.001 g) of phytolith extract was sprinkled on top of the oil and 
mixed with a microspatula to evenly disperse the phytoliths. Additional drops of oil were 
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added until there was even coverage of the viewing area. The cover slip was placed on 
top and the sides were sealed with clear nail polish. Mounting in immersion oil allows for 
continual movement and rotation of the phytoliths, whereas many other types of 
mounting media dry to a solid state and the phytoliths can only be rotated for a brief time 
(Blinnikov 2001). This rotation is crucial for imaging the phytoliths from many different 
angles.  
Photographing the archaeological bilobates proceeded in a similar way to that of 
modern comparative specimens. The slides were scanned until a bilobate was identified 
and the bilobate was then rotated in the mounting medium until the flat side faced 
upwards. However, previous research has noted that it can be difficult to define the 
boundary around a three-dimensional object (Figure 16; Ball et al. 2015). When simply 
rotating the phytolith was not sufficient, Z-extender software was utilized to capture the 
full depth and boundary of the phytoliths (Wu and Wang 2009).  
Previous research has indicated that morphometrics should not be used to analyze 
single fossil phytoliths because they are highly variable, but rather should focus on 
statistically significant assemblages that are more likely to cover the range of variation 
(Out and Madella 2016). Because archaeological assemblages are likely the result of 
several species, more phytoliths should be imaged and measured to ensure statistical 
significance can be met. In this preliminary study, 220 bilobates from Roc de Marsal 
were imaged, with more to be analyzed going forward based on the range of variation in 
this initial batch of samples. 
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Figure 16. A) phytolith with excellent boundary definition and fully in focus; B) phytolith 
that is slightly rotated. The phytolith in image A has good boundary definition, while the 
phytolith in image B is showing the dimensionality of the phytolith. 
 
Analytical Methods 
Previous research has provided a workflow for morphometrics analysis (Evet and 
Cuthrell 2016; Out and Madella 2016, 2017), in which both modern and archaeological 
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assemblages are analyzed in a similar fashion. First, all the morphotypes in a sample 
should be qualitatively described. This step is important for understanding where 
phytoliths originate in a given plant, and what range of phytoliths may be present. These 
assemblages can then be examined to understand what phytoliths may consistently co-
occur in a species. Second, basic descriptive statistics (here mean, minimum, maximum, 
and standard deviation) are calculated and compared to understand the range of variation 
present in each plant or sample. Finally, multivariate statistics such as PCA or ANOVA 
are applied to the samples to understand how the variation is structured. Such a workflow 
was adopted in this study, with the focus solely on bilobates. 
 
Modern Comparative Assemblage: Results  
Phytolith Morphotypes 
16 different morphometries of 100 modern bilobates from seven reference 
specimens were measured using ImageJ and the “PhytolithsBatch” plugin (Appendix E). 
For the qualitative exploration of the phytolith morphotypes, the most common 
morphotypes in the modern plants were long cells with echinate decoration, hairs, and 
prickles, but the actual size and shapes of these types varied widely between the species 
(Table 5). All of the modern plants included at least one type of bilobate phytolith, with a 
large amount of variation in overall shape, shank width and length, and convexity of the 
ends (Table 5, Figure 17). Although this variation was noted for all the modern 
specimens, it is most noticeable in the bilobates from Setaria viridis, which had two 
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distinct types of bilobates that were recovered from the leaves (Figure 17J-L). In S. 
viridis a short, rounded type of bilobate with a wide shank was noted in the epidermal 
covering of the leaves, and a more elongated type of bilobate with a thin shank was found 
within the veins than run through the leaves. Echinochloa crus-galli also had a slightly 
smaller, rounder bilobate type in the epidermis but these are still fairly similar to those 
found in the veins.  
The full range of phytolith morphotypes from Arundo donax, Stipa capensis, and 
Oryza sativa was not investigated in this study due to the use of a different processing 
method. One type of bilobate was noted for each of these specimens and only a few long 
cells were recovered from these samples (Figure 17).  
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Table 5. Qualitative description of bilobates and other phytolith types from modern 
reference specimens.  
Species Bilobate type Other phytoliths 
Andropogon gerardii Short, notched bilobates Saddle, parallelepiped 
elongates, long cell 
echinates, small prickles 
Echinochloa crus-
galli 
Long shank, flattened ends; 
short with rounded ends; 
short with flattened ends 
Trilobates and polylobate 
short cells, long cell 
echinates, prickles, hairs 
Setaria pumila Short, stout with round 
ends; short with flat ends 
parallelepiped elongates, 
long cell echinates, large 
prickles 
Setaria viridis Long shank, rounded ends; 
short with flattened ends 
Trilobate and polylobate 
short cells, thin hairs with 
pronounced bases, 
parallelepiped elongates, 
long cell echinates, 
ellipsoids, stomata, prickles. 
Many small, crystalline 
structures in between the 
veins.  
Arundo donax Large, short bilobates with 
flattened and notched ends 
not observed 
Oryza sativa Small, short bilobates with 
notched ends 
not observed 
Stipa capensis Elongated bilobates with 
oval ends 
not observed 
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Figure 17. A-C: Andropogon gerardii; D-F: Echinochloa crus-galli; G-I: Setaria pumila; 
J-L: Setaria viridis; M: Arundo donax; N: Oryza sativa; O: Stipa capensis. Scale bars are 
50 µm. 
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Descriptive statistics 
The published literature on phytolith morphometrics has indicated that basic 
descriptive statistics (e.g., average, minimum, maximum, and standard deviation) can 
help define parameters to create classification keys for various species and to assess 
which measurements are the most useful for discriminating between closely related taxa 
(i.e., Berlin et al. 2003). Descriptive statistics of each morphometry were calculated for 
all the modern specimens (Appendix F). These statistics highlight the amount of variation 
within a single plant as nearly every measurement had a very large range. For example, 
Setaria viridis had the greatest range of all species, with area measurements between 50 
µm2 to 840 µm2. Overall, Oryza sativa and Setaria pumila have the least variation in the 
assemblage. When analyzing the group collectively, it can be noted that morphometries 
of shape have more limited ranges than morphometries of size.  
This pattern of size and shape is consistent with previous research (Out and 
Madella 2017). To further investigate how this pattern affects the morphometries of the 
modern samples, the ranges and averages of each morphometry was compared for all the 
reference measurements and it was discovered that all the size measurements show a 
similar pattern (Figure 18). The data can be broken down into three groups, based on 
consistent similarities in size: 1) Andropogon gerardii, Setaria viridis, and Arundo 
donax; 2) Setaria pumila, Stipa capensis, and Oryza sativa; and 3) Echinochloa crus-
galli.  
For example, Andropogon, Arundo, and Setaria viridis share similar means when 
considering measurements of area or perimeter, as well as overlapping ranges (Figure 
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18). Setaria pumila, Stipa, and Oryza are smaller overall compared to the first group but 
show the same pattern of similar means values and overlapping ranges. Echinochloa is 
most similar to the second group but the mean measurements tend to fall just slightly 
above that of the other specimens. It should be noted that Setaria viridis may fit into all 
of these categories, as the two types of bilobates noted for this plant in the qualitative 
analysis appear to have a somewhat bipolar distribution. The shorter, more rounded 
bilobates consistently have larger size measurements than any of the other species, but 
the smaller, more common type tend to overlap significantly with S. pumila, Stipa, Oryza, 
and Echinochloa. The pattern described here for the measurements of area and perimeter 
holds true in all of the other size measurements analyzed in this study.  
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Figure 18. A) Area measurements of the modern comparative specimens; B) Perimeter 
measurements of the modern comparative specimens. The x’s represent the mean, while 
the central line in each box represents the average. Circles indicate outliers.  
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This pattern can be seen clearly when two measurements of size are compared to 
one another. For example, when each modern specimen is plotted according to 
measurements of both area and perimeter, the three groups are clearly differentiated 
(Figure 19). Setaria viridis, Arundo donax, and Andropogon gerardii are the largest of 
the analyzed species, and Oryza sativa, Setaria pumila, and Stipa capensis are the 
smallest. Echinochloa crus-galli falls directly in the middle of the size measurements.  
 
 
Figure 19. Biplot of area vs. perimeter for the modern reference specimens. Error bars are 
one standard deviation from the mean value for each measurement.  
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The pattern for the morphometries of shape is somewhat different, and there is 
more variation between each type of measurement than is noted for the morphometries of 
size. The ranges of convexity and aspect ratio are shown here, but nearly all of the shape 
measurements show a similar pattern to these two (Figure 20). The mean values of each 
modern plant except Stipa are similar and a significant portion of each range of variables 
overlap in all the samples (Figure 20). In every measurement of shape, Stipa tends to plot 
separately than the other modern specimens, although the small parts of each 
measurement tend to overlap with several of the other species (Figure 20).  
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Figure 20. Measurements of shape for the modern reference collection A) Convexity is 
the ratio of convex perimeter to perimeter. 1.0 indicates that the object perfectly convex 
and <1.0 indicates surface indentations. B) Aspect ratio is equal to length/widths. The x’s 
represent the mean, while the central line in each box represents the average. Circles 
indicate outliers.  
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An analysis of pearl millet and sorghum indicated that a comparison of aspect 
ratio (shape) and equivalent diameter (size) were the best indices for differentiating the 
bilobates of these two taxa (Out and Madella 2017). These two measurements were 
compared for the seven species considered here to compare a measure of size with one of 
shape (Fig. 21). As with the size data, several groupings are noted. Oryza sativa, Setaria 
pumila, and Echinochloa crus-galli cluster together in the lower range of aspect ratio and 
the middle range of equivalent diameter, while Setaria viridis, Andropogon gerardii, and 
Arundo donax cluster towards the upper range of equivalent diameter and the lower end 
of aspect ratio. Stipa capensis falls in the upper range for the aspect ratio but in the lower 
range for the equivalent diameter. This pattern holds true for other comparative measures 
that include both size and shape, as seen in the plot of area vs. elongation (Figure. 22). It 
is also important to note that the error ranges presented here are one standard deviation 
from the mean value for each species; the range of variables from minimum to maximum 
for each species in all of these measurements overlaps significantly as discussed above, 
making any differentiation very difficult.  
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Figure 21. Biplot of the aspect ratio (length/width) and the equivalent diameter 
(ArEquivD, the diameter of a circle with the same area as the feature) for the modern 
reference specimens. Error bars are one standard deviation from the mean.  
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Figure 22. Biplot of the area and the elongation ratio (length down the medial line of the 
object/width) for the modern reference specimens. Error bars are one standard deviation 
from the mean.  
 
Modern Comparative Assemblage: Discussion 
 
Phytolith Morphotypes 
Although the morphometric approach is focused on the quantitative analysis of 
phytoliths, it is important to carry out a qualitative assessment of the phytolith 
morphotypes present in a given plant first to best understand what is going to be 
measured in the morphometric analysis. For example, this study analyzed Setaria viridis 
and Setaria pumila, which are two closely related species that were grown in the same 
environment. The qualitative assessment of the phytoliths present in these species 
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demonstrated that while S. pumila has one type of bilobate that is generally shorter with 
wide shank and a flat end, S. viridis has two types of bilobates present in a single leaf 
(short with a thin shank, and short with a wide shank) (Figure 17). These types are 
interesting because the short, wide shank type in S. viridis is similar to the bilobates 
present in S. pumila, but the short, thin shank type is more similar to the bilobates in 
Echinochloa crus-galli. Understanding the variation in bilobate types within Setaria 
viridis helps to explain the large ranges of variables that resulted in the later 
morphometric analysis.  The appearance of multiple bilobate types in a single plant 
species also demonstrates the importance of combining qualitative and quantitative 
elements in archaeological phytolith analysis. If a research relied solely on the qualitative 
grouping of archaeological phytoliths for identification purposes, the two types of 
bilobates found in S. viridis might be grouped separately. By adding the quantitative 
element, it is possible to better define the variation found in the species and understand 
how this pattern might be expressed archaeologically.  
Phytoliths may also co-occur in meaningful groupings. Bulliforms, hairs, or 
prickles with distinctive shapes were present in all the analyzed modern specimens. 
These morphotypes were also amongst the most frequently occurring morphotypes in the 
archaeological phytolith assemblages from Roc de Marsal. Additionally, bulliforms, 
prickles, and grass short cells are some of the most resilient types of phytoliths due to 
their high degree of silicification and lack of surface decoration (Cabanes and Shahack-
Gross 2015). The combination of some of these morphotypes in future phytolith 
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morphometric studies may lead to greater precision in differentiating assemblages created 
by several taxa. 
 
Size vs. Shape 
The ranges of variables created using the descriptive statistics of each 
morphometry for the modern reference specimens demonstrated several patterns that 
highlight the interpretive issues that can arise from utilizing a morphometrics approach 
for several species at the same time. For morphometries of size, the modern reference 
species clustered into three groups: 1) Andropogon gerardii, Setaria viridis, and Arundo 
donax, 2) Setaria pumila, Stipa capensis, and Oryza sativa, and 3) Echinochloa crus-
galli. While these clusters of species can be easily distinguished based on the size 
morphometrics such as area or perimeter, there is considerable overlap in the range of 
variables within each group and statistically similar mean variables. Moreover, these 
groups overlap even when considering a single standard deviation from the mean and not 
just the entire possible range. This pattern of overlapping ranges and similar means is 
even more pronounced when considering the morphometries of shape. Andropogon 
gerardii, Arundo donax, Setaria viridis, Setaria pumila, Oryza sativa, and Echinochloa 
crus-galli consistently had highly similar mean variables and significantly overlapping 
ranges. Setaria pumila had slightly higher mean measurements, while Arundo donax 
generally had slightly lower mean measurements in comparison with the rest of the 
species. However, these are not statistically significant differences. Stipa capensis, on the 
other hand, consistently plotted separately from the other species in terms of shape. 
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Combining measurements of size and shape in biplots highlights the separation of 
Echinochloa crus-galli and Stipa capensis, but also draws attention to the overlaps 
amongst the other species.  
Some metrics are more effective for differentiating specific species from one 
another. This analysis indicates that plants such as Echinochloa crus-galli and Stipa 
capensis might be good candidates for morphometric analysis, as they can be effectively 
separated from other species with basic methods. The fact that so many species overlap 
significantly demonstrates that difficulties in expanding morphometric analysis beyond 
binary questions of two closely related taxa or applying a morphometrics approach to 
archaeological deposits that do not originate in a closed context. Previous research has 
indicated that very large sample sizes of archaeological phytoliths are necessary to 
address the variation that can appear in any individual phytolith (Out and Madella 2016; 
2017). Considering the amount of variation and overlap seen in even this small 
assemblage of modern plants indicates that even large samples of archaeological 
materials might not be enough to differentiate multiple species in a given assemblage.  
It is possible that the combination of multiple phytolith types as well as multiple 
morphometric measurements for each of these species or each species in a 
microecosystem might ultimately lead to the separation and morphometric identification 
of these species. However, without a cultural or contextual way to narrow the number of 
species being investigated with morphometrics, the amount of data necessary to securely 
identify even a small number of plants within a single ecosystem is daunting. To begin to 
address this issue, researchers should consider adding quantitative data to reference 
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collections created for both archaeological purposes and environmental reconstruction. 
By adding quantitative data related to the types, size, and shape of the most prominent 
phytolith morphotypes in a species to qualitative descriptions of the phytoliths and 
images, a more robust reference collection could be created that could then be compared 
to analyses like the one presented here in the future.  
 
An Archaeological Case Study from Roc de Marsal, France 
 
Study site 
Located above a tributary of the Vézère River, Roc de Marsal is a small, 
limestone cave in southwest France (Figure 23; Aldeias et al. 2012). The northeastern 
section of the site has been the focus of excavation, first by the amateur archaeologist 
Jean Lafille in 1953-1971 (Bordes and Lafille 1962; Turq 1979; Sandgathe et al. 2011), 
and then by an interdisciplinary team from 2004-2010 (Sandgathe et al. 2008, 2011; 
Goldberg et al. 2012; Aldeias et al. 2012).  
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Figure 23. Map of the Dordogne region showing the locations of Roc de Marsal, other 
important Middle Paleolithic sites, and modern towns.  
 
The stratigraphy at the site is divided into 13 layers, based on the sedimentology 
and traces of anthropogenic material (Figure 24). Layers 9 and 7 are the focus of this 
analysis due to the high concentrations of bilobates recovered from these layers during 
the original analysis. These layers are composed of clayey-silts that are mostly the result 
of anthropogenic deposition and include a significant component of ash and charcoal 
(Aldeias et al. 2012; Sandgathe et al. 2011). Layers 9 and 7 have a high frequency of 
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lithics and faunal elements, many of which are burnt. Additionally, these layers have a 
high frequency of combustion features, ranging from in situ hearth features to more 
diffuse elements from other burning events. The chronometric dating of Roc de Marsal is 
ongoing (Guérin et al. 2012, 2016). Initial thermoluminescence (TL) on heated flints and 
single grain optically stimulated luminescence (OSL) indicate an extended period of 
successive occupation ranging from ~65 to 70 ky for Level 9 to about ~40 ky for Level 2 
(Guérin et al. 2016). 
 
 
Figure 24. West section of the profile at Roc de Marsal. Blue tags show the geological 
units, numbered from the bottom up. White tags show archaeological layers, numbered 
from the top down.   
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Phytolith Analyses 
 Phytolith analysis on 112 bulk sediment samples from Roc de Marsal was carried 
out in 2015 to fully characterize the phytolith remains present at the site (Wroth et al. in 
review). The extraction protocol outlined by Katz et al. (2010) was used to quickly 
recover, quantify, and identify the phytoliths. In general, the upper layers (2 through 6) 
had low densities of phytoliths, often less than 100,000 phytoliths per gram of sediment. 
The most notable types of phytoliths recovered from these levels include the irregular 
types most often found in the wood/bark of dicotyledonous plants and rondel grass short 
cells that come from Pooid-type grasses (Twiss et al. 1969; Madella et al. 2005).  
 The phytolith assemblages from the lower layers (7 through 10) present a very 
different picture. These deposits had an average of 1.5 million to 3 million phytoliths/g of 
sediment, and several samples recovered from Layers 7 and 9 exceeded 5 million 
phytoliths/g. There was also a clear correlation between high phytolith concentrations and 
combustion features in these layers, as well as high frequencies of wood/bark phytoliths 
that likely originated in the fuel used in the combustion features. Higher frequencies of 
bilobate short cells, which originate in Panicoid-type grasses, were recovered from 
Layers 7 and 9. During the analysis at least three types of bilobates were noted and it was 
hypothesized that these might relate to several types of grasses growing around the site. 
Because of the concentrations of bilobates around combustion features, it was also 
hypothesized that the grasses may have been used as a type of bedding, ground cover, or 
as part of a cleaning process. To assess these hypotheses and add detail to the 
interpretations, it was decided that morphometric analysis of the bilobates was necessary. 
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Six samples containing the highest concentrations of bilobate phytoliths were chosen for 
analyses from Layers 7 and 9. 
 
Archaeological Assemblage: Results 
 
Phytolith Morphotypes 
For the archaeological analysis, 16 morphometries were measured for 220 
archaeological bilobate phytoliths using ImageJ and the “PhytolithsBatch” plugin using 
the process outlined above (Appendix G). The full analysis of the phytolith morphotypes 
recovered from Layers 9 and 7 at Roc de Marsal are discussed in a forthcoming article 
(Wroth et al. in review). In these layers, grass short cells were one of the main phytolith 
morphotypes, and the assemblages were dominated by rondels and bilobates. 
Parallelipipeds and irregulars were also recovered in large numbers, followed by prickles 
and bulliforms. Due to a variety of taphonomic factors, it appears that only the most 
robust phytolith morphotypes were preserved in the cave, which led to the enrichment of 
these morphotypes and a scarcity of more delicate and decorated morphologies (Cabanes 
et al. 2011; Cabanes and Shahack-Gross 2015). However, these types are also dominant 
in modern reference collection specimens, indicating that many grasses likely produce 
significant quantities of these specific phytolith morphotypes. It is therefore unsurprising 
that these morphotypes form a significant part of the Roc de Marsal assemblage.  
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Diachronic and Spatial Patterning 
 The bilobates analyzed from Roc de Marsal were collected from six samples. 
Three of these samples (PHYTO 23, PHYTO 24, and G18-5971) originated in Layer 7 
and the other three (PHYTO 21, I18-1942, and K18-5935) were collected from Layer 9. 
The samples were first analyzed according to these original layer designations to assess 
the possibility of diachronic differences between the samples due to environmental 
change or Neanderthal activity. However, for all of the measured morphometries the 
samples were similar, with no discernable difference (Figure 25). For example, the mean 
measurement of bilobate area from the phytoliths collected from Layer 7 was slightly 
lower than the bilobates from Layer 9, but the difference is less than five microns. 
Additionally, the overall range of the area measurements for the bilobates in each layer is 
the same. This pattern persisted in both size and shape morphometries.  
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Figure 25. Area measurements of the archaeological bilobates collected from Layers 7 
and 9 at Roc de Marsal.  
 
The archaeological bilobates were also compared with multivariate statistics 
based on their original sample to see if there was more nuanced patterning based on these 
measurements that could not be seen when comparing the averages of the two layers. It 
was hypothesized that samples from different parts of the cave could be related to site 
formation processes or different Neanderthal activity areas that resulted in the deposition 
of a specific type of plant, and thus a specific type of bilobate, in a certain area. Principal 
component analysis (PCA) was carried out on these samples, first comparing the 
variation in all of the measured morphometries of the bilobates and then comparing the 
morphometries of size and shape separately (Figures 26, 27, 28). Based on this analysis 
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there is no discernable patterning or clustering of the bilobates related to their original 
samples.  
 
 
Figure 26:  All measured morphometries of size and shape for the archaeological 
bilobates. A: PHYTO 21, B: PHYTO 23, C: PHYTO 24, D: G18-5971, E: I18-1942, F: 
K18-5935. Unit variance scaling is applied to rows; SVD with imputation is used to 
calculate principal components. X and Y axis show principal component 1 and principal 
component 2 that explain 47.9% and 31.1% of the total variance, respectively. N = 220 
data points (Metsalu and Vilo 2015). 
 
The analysis of the modern reference collection indicated that the most variation 
in bilobate morphology was found in measurements of size. The same pattern can be seen 
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in the PCA of the size morphometries of the archaeological bilobates. The measurement 
of area accounts for 93% of the total variance for the archaeological morphometries of 
size, and convex area accounts for the other 7% (Figure 27). In terms of shape, there is 
more nuanced variation in the archaeological samples. Aspect ratio and elongation 
explain most of the variance in PCA of the archaeological shape morphometries (Figure 
28). However, there is no patterning related to the original sample or layer designations. 
Thus, the bilobates from Roc de Marsal are treated as a single population for the rest of 
the analysis.  
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Figure 27: Morphometries of size for the archaeological bilobates. A: PHYTO 21, B: 
PHYTO 23, C: PHYTO 24, D: G18-5971, E: I18-1942, F: K18-5935. Unit variance 
scaling is applied to rows; SVD with imputation is used to calculate principal 
components. X and Y axis show principal component 1 and principal component 2 that 
explain 93% and 4.5% of the total variance, respectively. N = 220 data points. 
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Figure 28: Morphometries of size for the archaeological bilobates. A: PHYTO 21, B: 
PHYTO 23, C: PHYTO 24, D: G18-5971, E: I18-1942, F: K18-5935. One outlier 
excluded. Unit variance scaling is applied to rows; SVD with imputation is used to 
calculate principal components. X and Y axis show principal component 1 and principal 
component 2 that explain 62.2% and 23% of the total variance, respectively. N = 219 data 
points. 
 
Variation in the Archaeological Assemblage 
Basic descriptive statistics were recorded for the archaeological bilobate sample 
(Table 6). It is likely that the Roc de Marsal assemblage was produced from several 
species. The total range for each of the various analyzed morphometries is more than 
what was noted in any of the modern reference materials, but the archaeological samples 
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are more constrained overall than some of the comparative material (e.g., Setaria viridis). 
Area and convex area have the largest range, while length and width have more limited 
ranges. As with the modern comparative material, the morphometries of shape tend to 
have smaller ranges than those of size (e.g., convexity, aspect ratio).  
 
Table 6 Descriptive statistics of archaeological phytoliths. Min=minimum; 
Max=maximum; Med=median; Avg=average; Std = standard deviation. N=220 
  Min Max Med Avg Std 
Area 16.84 343.57 132.03 136.52 63.92 
Convex Area 25.02 476.53 170.77 174.61 84.00 
Perimeter 22.87 102.62 59.60 58.44 16.33 
Convex Perimeter 20.45 88.25 51.38 50.69 13.54 
Length 7.51 33.87 19.77 19.87 5.59 
Fiber Length 8.97 50.10 23.02 22.70 6.62 
Width 3.34 17.41 9.90 9.85 2.68 
ArEquivD 4.63 20.92 12.97 12.77 3.29 
MinR 0.27 3.46 1.38 1.47 0.68 
Circ 0.09 0.68 0.48 0.48 0.07 
Roundness 0.08 0.68 0.44 0.43 0.10 
Convexity 0.79 0.93 0.87 0.87 0.03 
Solidity 0.13 0.90 0.80 0.79 0.07 
Compactness 0.28 0.83 0.66 0.65 0.08 
Aspect Ratio 1.30 3.42 1.95 2.05 0.42 
Elongation 1.54 5.26 2.26 2.33 0.45 
Curl 0.35 1.01 0.88 0.88 0.06 
 
The analysis of the modern reference specimens demonstrated some of the ways 
that variation in terms of bilobate size and shape can appear in different plant species. 
Although many of the modern reference species analyzed above may have existed in 
some form in the environment that once surrounded Roc de Marsal, it is highly unlikely 
that these were the exact species that would have existed in the Middle Paleolithic. 
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Additionally, many more species of Panicoid grasses or bilobate producing grasses would 
likely have made up the ecosystem. Thus, rather than try to identify the archaeological 
bilobates specifically, the ranges of the modern reference material were used as limits and 
indicators of variability to compare with the archaeological phytoliths. The 
archaeological bilobates were analyzed using the same morphometries as the modern 
reference material.  
In terms of size, the bilobates from Roc de Marsal seem to fall towards the middle 
to lower range of size seen in the modern reference material (Figure 29). There are a few 
outliers that are similar size to the bilobates found in Setaria viridis, Arundo donax, and 
Andropogon gerardii, but the majority of the archaeological phytoliths are closer in size 
to species such as Echinochloa crus-galli, Setaria pumila, Stipa capensis and Oryza 
sativa.  
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Figure 29. Biplot of area vs perimeter measurements for the archaeological bilobates and 
modern reference specimens. The error bars on the modern species represent one 
standard deviation.  
 
When comparing measurements of size and shape, the archaeological bilobates 
again cluster towards the middle and lower ends of the modern ranges (Figure 30). The 
comparison of area and elongation highlights the influence of area on the samples and the 
samples cluster towards the lower end of the range but there seems to be more variation 
in terms of elongation than was present in the modern reference material (Figure 30A). 
Focusing on another measure of size such as the equivalent diameter allows for further 
elucidation of the patterning of the archaeological bilobates (Figure 30B). When 
comparing equivalent diameter and aspect ratio, again only a few archaeological 
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bilobates come close to the end of the range formed by Arundo, Andropogon, and Setaria 
viridis, but span the entire rest of the range formed by the other species.  
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Figure 30. A) Biplot of area vs elongation (length down the medial line of the 
object/width) measurements for the archaeological bilobates and modern reference 
specimens. The error bars on the modern species represent one standard deviation; B) 
Biplot of equivalent diameter (ArEquivD, the diameter of a circle with the same area as 
the feature) vs Aspect ratio (length/width) measurements for the archaeological bilobates 
and modern reference specimens. The error bars on the modern species represent one 
standard deviation.  
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Archaeological Assemblage: Results 
 
Diachronic and Spatial Patterning 
There are several possible scenarios that led to the differentiated patterns of 
bilobate phytoliths in Layer 7 vs. Layer 9 and in different parts of Roc de Marsal. The 
layers in which the phytolith samples originated are relatively small, only about 10 cm 
thick. However, the dating indicates that the layers the are result of thousands of years of 
deposition (Guérin et al. 2016). The unknown rate of sedimentation could have led to a 
palimpsest of plant material, as plants were deposited in the site through Neanderthal 
action and then worked into the sediment over time.  
Additionally, the original analyses indicated that there was a large amount of 
woody plant material transported into the cave, which formed some of the fuel for the 
combustion features (Wroth et al. in review). Previous research has indicated that wood is 
often contaminated by the grass phytoliths that occur in the surrounding environment 
(Albert et al. 1999; Albert and Weiner 2001). If the Neanderthals at Roc de Marsal were 
collecting wood from an area that also had a high proportion of Panicoid grasses, some of 
this random pattern of bilobates might have been caused by grass contamination on the 
wood resources rather than an intentional deposition of Panicoid grasses. The lack of 
patterning in the bilobate assemblage may also indicate that Neanderthals were gathering 
many different types of grasses as they were available in the area around the site, rather 
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than collecting specific plants for specific purposes. It seems likely that the Roc de 
Marsal bilobates were influenced by several if not all of these factors.  
 
Variation and Multiple Species  
 During the original analysis of the phytoliths from Roc de Marsal, multiple types 
of bilobates were noted throughout the lower layers of the site. These different types 
raised questions regarding how many species might have contributed bilobate phytoliths 
to the assemblage, such as: 1) how much variation is there in bilobates produced between 
different species, and 2) are the types recovered from Roc de Marsal different enough to 
have been produced by separate species or do they fall within the range of variation of a 
single species? Based on the comparison of the archaeological bilobates with the ranges 
laid out with the modern comparative species, it seems likely that multiple species 
contributed bilobates to the archaeological assemblage. The archaeological bilobates do 
not fall at the larger end of the modern material, possibly ruling out species such as 
Arundo donax or Setaria viridis. However, the archaeological bilobates do cover the 
entire range of Echinochloa crus-galli, Stipa capensis, Oryza sativa, and Setaria pumila. 
This wide range of sizes and shapes present in the archaeological assemblage appears to 
have been created by the addition of three or more species of bilobate producing plants 
brought to the site. The variety of bilobates may provide further support for the idea that 
Neanderthals were engaging in an undifferentiated use of grasses, collecting what was on 
hand and bringing it back to the site. Although this analysis was not able to specifically 
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identify the species that produced the archaeological bilobates, understanding the 
variation of the bilobates in a quantitative manner helps add nuance to archaeological 
interpretations of Neanderthal use of plants.  
 
Implications for Future Morphometrics Research 
 
Sample Size 
The application of the phytolith morphometric approach to archaeological 
assemblages for contexts such as those at Roc de Marsal is difficult. One of the main 
concerns discussed in the phytolith morphometric literature is that parameters of size and 
shape can never be used to assign a single phytolith to a specific taxon. To deal with this 
limitation, research suggests large sample sizes of 200 or more archaeological phytoliths 
of a specific morphotype (Out and Madella 2017). However, it is clear that the Roc de 
Marsal assemblage is likely the result of three or more species, each contributing 
bilobates. The lack of true patterning in the data may suggest that a larger sample is 
needed to try and account for this variation. Measuring 300 or 400 archaeological 
bilobates might better account for each hypothetical species that contributed. 
 
Reference Collections 
  This analysis has demonstrated the need for increased standardization and 
accessibility in terms of the creation and dissemination of phytolith reference collections. 
Most archaeological reference collections are derived by processing modern plant 
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materials following the protocols of Pearsal (2015) and Piperno (2006) where the 
material is ashed in a muffle furnace until it is completely combusted. The resulting ash is 
then washed in 1N HCl and mounted on a slide. To build a more comprehensive 
collection, most laboratories will divide a single plant specimen into distinct parts (e.g., 
stem, leaves, or inflorescences) to better examine which phytoliths derive from which 
parts. While useful, this process homogenizes the plant material, making it difficult to 
know exactly where the phytoliths originated within the plant part. Because of the 
homogenization, modern reference material may lead the analyst to miss an important 
interpretive step: how and where in a plant phytoliths are deposited, and how phytoliths 
appear after the organic material has been removed. The preparation of modern plant 
material using the bleaching method recommended here allows phytoliths to be examined 
in articulation, rather than as part of a homogenized mass, allowing for the full range of 
phytolith morphotypes to be described and precisely associated with their original 
position within the plant. These results can then be compared with the ashed material to 
better understand how phytoliths within a plant might appear in their purest form. As 
demonstrated above, this type of comparison would be useful considering species like 
Setaria viridis where two differently sized and shaped bilobates appeared in separate 
structures within the same leaf.  
 Due to the clear variation in phytoliths even from closely related taxa, collecting 
as much data as possible on a variety of species is recommended for developing 
morphometrics into a more widely applicable method. The addition of quantitative data 
to reference collections will help phytolith analysts better understand the range of 
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variation. An effective way to apply this approach would be to include morphometric 
data to descriptions of the distinct types of phytoliths recovered from modern plant 
material. Bleached reference material makes image collection very efficient, and these 
images could quickly be imported into ImageJ and run through the phytolith plugins. 
Morphometrics is ideal for this process because it allows for the observations of different 
phytolith types to be quantified rather than relying on the skill or descriptive ability of 
individual analysts. A database that includes images of bleached and ashed material, 
combined with morphometric data that quantifies the size and shape of the phytoliths 
would be invaluable to our understanding of phytolith variation. These entries should also 
include environmental data regarding the growing conditions for the plant to enable the 
identification of environmental conditions and the changes it may cause it phytoliths.  
 Finally, reference material must be easily accessible in online, open access 
databases (Hart 2016). More comparative material vital for teasing apart how the 
variation of phytolith morphotypes above might affect archaeological samples. Although 
images and morphometrics data can be found, it is often scattered through a variety of 
publications or in-house databases not easily accessible for everyone. While image 
processing and semi-automation makes morphometrics more accessible, it is still time 
consuming, especially when trying to assess more than one or two taxa. Open access 
databases would allow researchers in many different regions to aggregate and compare 
more data than can be processed by a single researcher or lab. Moreover, such 
accessibility would allow researchers working on archaeological sites from non-analogue 
environments to find material that better fits their samples. For example, the modern flora 
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around Roc de Marsal is likely not a good fit for the samples recovered from glacial 
periods, but flora from northern Europe may be more appropriate. Databases that can be 
compared between regions would allow these connections to be more easily found. Data 
aggregations of this type have proven essential to the study of other microremains, such 
as pollen or diatoms and this can be meaningfully borrowed by the field of phytolith 
morphometrics. It is perhaps even more necessary for the continuation of phytolith 
analysis as the range of variation appears to be greater than these other remains.  
 
Conclusions 
 
It is clear from this analysis that a morphometric approach is not directly 
applicable to all types of archaeological assemblages in the traditional form. The amount 
of variation noted between individual bilobates, in modern plants that produce bilobates, 
and in bilobates from archaeological assemblages makes the traditional format of 
morphometric identification and the creation of classification keys nearly useless.   
However, although this study does not allow for the precise identification of 
particular Panicoid grass species were being deposited at Roc de Marsal, it is a means of 
quantifying the phytoliths and the range of variation outside of concentrations or relative 
percentages of morphotypes. It is easy to qualitatively divide similar morphotypes into 
multiple smaller categories, but it is difficult to understand if these are significant 
differences that could be encompassed within the range of a single species. Mapping 
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bilobate variation with semi-automatic morphometric techniques allows for the 
quantitative description of variation to a degree of reproducibility for future researchers.  
 An understanding of this variation can help provide detail about the number of 
plant species that originally formed an assemblage, the way plant material was deposited, 
and how it may have changed over time. However, due to the way most archaeological 
assemblages are formed, morphometrics is not a catchall problem solver to efficiently 
differentiate between multiple plant taxa. Rather than continuing to investigate limited 
amounts of closely related taxa using a morphometric approach, it is necessary to collect 
quantitative data on a wider variety of plant species and make this information accessible 
to all phytolith analysts. Without further standardization, documentation, and 
experimentation, morphometric analysis will only be useful to a very limited type of 
archaeological question.  
Continued research is necessary to better understand how archaeological 
morphometrics can be best used as a tool for understanding variation and taphonomy, in 
addition to differentiating between closely related taxa in closed archaeological contexts. 
Finally, approaching phytolith analysis based on the best practices outlined here allows 
archaeologists to add dimension to their interpretations by understanding entire plants 
and plant communities in a more quantitative way.  
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CHAPTER FOUR: NEANDERTHAL PYROTECHNOLOGY AND FUEL USE: 
COMPARATIVE PHYTOLITH ANALYSIS AT PECH DE L’AZE IV AND ROC 
DE MARSAL 
 
Note: The following is an article in preparation for submission to Vegetation History and 
Archaeobotany. It is titled “Neanderthal pyrotechnology and fuel use: Comparative 
phytolith analysis at Pech de l’Azé IV and Roc de Marsal,” and is co-authored by Kristen 
Wroth and Paul Goldberg.  
 
Abstract 
 
Phytolith analysis, the study of silica pseudomorphs of plant cells, has been 
utilized to understand Neanderthal plant use throughout the warmer, drier parts of the 
Neanderthal range, such as the Near East and Spain. However, less is known about 
Neanderthal use of plant resources in the more temperate parts of their range. This article 
compares the phytolith results from the Middle Paleolithic cave sites of Pech de l’Azé IV 
and Roc de Marsal in the southwest of France to begin to build a picture of the 
relationship between Neanderthals and plants in the region. Although the two sites are 
broadly similar in terms of stratigraphy, chronology, and artifact assemblages, there are 
key differences in the fire residues and phytolith assemblages related to different types of 
fuel used in combustion features. The analysis of the phytoliths from Pech de l’Azé IV 
also helps elucidate the most effective extraction protocols for sediments that are rich in 
organic material, such as carbonized animal fat and charcoal.  
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Keywords: Phytoliths, Pyrotechnology, Middle Paleolithic, Methodology, France, 
Neanderthals 
 
Introduction 
 
Previous research has suggested that Neanderthals relied heavily on animal 
resources, but recent investigations have demonstrated that Neanderthals also employed 
plant resources in a variety of ways, including as part of their diet, as a fuel source, and 
for bedding or tools (Fiorenza et al. 2015; Shipley and Kindscher 2016). However, the 
majority of research into Neanderthal plant use has focused on sites in the Near East 
(Akazawa 1987; Bar-Yosef et al. 1992; Bar-Yosef 2004; Lev et al. 2005) and Spain 
(Barton et al. 1999), as the drier climates of those areas often leads to better preservation 
of plant macroremains. The silica infillings that form in and around plant cells known as 
phytoliths, however, are more durable than most macroremains and will persist even 
when the ideal preservation conditions are not present (Piperno 2006) Thus, researchers 
are more frequently employing the analysis of these microremains to find further 
evidence for Neanderthal plant use. There has been a continued focus in the phytolith 
analyses on the warmer, drier parts of the Neanderthal habitation zone, and these studies 
have revealed patterns of plant resources used for both subsistence and technology 
(Albert et al. 1999, 2012; Madella et al. 2002; Cabanes et al. 2010; Hardy et al. 2012; 
Salazar-García et al. 2013).  
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Due in part to these preservation constraints of macroremains, there has been less 
analysis of all types of plant materials from the more temperate parts of the Neanderthal 
range (i.e., western Europe). There is, however some evidence for plant use by 
Neanderthals in France, based on charcoal analysis (Allué et al. 2017), dental calculus 
(Henry et al. 2011), and stone tool residues (Hardy et al. 2013). Phytolith analysis from 
sediment samples has also been employed at Grotte XVI to clarify patterns of diagenesis 
in the site, and answer questions of Neanderthal fuel use (Karkanas et al. 2002). These 
analyses raise questions regarding the degree of similarity or difference of Neanderthal 
plant use throughout the varied environments in which they lived.  
Southwest France has an incredibly rich and varied Middle Paleolithic 
archaeological record that has been the focus of scientific scrutiny for nearly 100 years. 
This research has led to many comparisons and syntheses that draw together data from 
multiple sites to elucidate possible patterns of Neanderthal activity within this region 
(e.g., Bruxelles and Jarry 2011; Ruebens 2013; Costamagno et al. 2016; Dibble et al. 
2017). For example, the sites of Pech de l’Azé IV and Roc de Marsal are broadly similar 
in terms of their stratigraphy, chronology, lithic complexes, and faunal assemblages, and 
these sites have previously been compared using micromorphological analysis to 
investigate the combustion features at each site in more detail (Sandgathe et al. 2011; 
Goldberg et al. 2012). This comparison revealed that Layer 8 at Pech de l’Azé IV and 
Layers 9 and 7 at Roc de Marsal are similar as they both include elements of ash, 
charcoal, and burned bones, but the structure of the combustion features themselves is 
indicative of slightly different activities (Goldberg et al. 2012; Aldeias et al. 2012). For 
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example, the more diffuse burned material with a few ash lenses at Pech de l’Azé IV is 
evidence for sweeping, hearth rake out, and trampling, while Roc de Marsal has evidence 
for discrete hearth features that are often stacked top of each other with little post-
depositional alteration (Goldberg et al. 2012; Aldeias et al. 2012).  
These comparative studies have focused on artifacts or sediments, but very few 
have compared Middle Paleolithic plant remains in the region. A previous analysis of 
phytoliths from Roc de Marsal demonstrated considerable concentrations of phytoliths, 
and their analysis led to a more nuanced understanding of fuel use and the use of the 
space around the combustion features in the site (Wroth et al. in review). This article 
compares the phytolith assemblage from Roc de Marsal to that of Pech de l’Azé IV and 
seeks to understand whether the differences between the two assemblages are the result 
of variations in Neanderthal activity related to plant use or instead the result of alteration 
via natural and taphonomic processes that are specific to the sediments at Pech de l’Azé 
IV. Through a combination of multiple extraction protocols, traditional phytolith 
analysis, and a consideration of the micromorphological results, it is clear that a 
combination of differences in plant use and taphonomy differentiate the phytolith 
assemblages at Pech de l’Azé IV and Roc de Marsal. By comparing these two sites, two 
very different pictures of Neanderthal pyrotechnology and plant use emerge. 
 
Site Overview 
Pech de l’Azé IV is part of a karstic system located approximately 5 km to the 
southeast of the modern town of Sarlat (Figure 31; Bordes 1972; Texier 2009). The cave 
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system faces southwest in the side of a dry valley formed by the River Enea, about 30 m 
above the valley floor (Texier 2009). Pech de l’Azé IV was first excavated by François 
Bordes in 1952 (Bordes 1954, 1972, 1975), with new excavations at the site taking place 
between 2000 and 2003 (Figure 32; Turq et al. 2011). The site is relatively small, about 8 
m by 7 m, and the deposits are approximately 4.5-m thick (Dibble et al. 2009; Goldberg 
et al. 2012, 2018).  
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Figure 31. Map of the region. Large red star indicates location of Pech de l’Azé IV, and 
the small, black stars are other important MP sites in the region. The squares are modern 
towns and villages. The grey lines are rivers. 
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Figure 32. Excavation area of Pech de l’Azé IV showing the two different excavation 
schemes. Modified after Dibble et al. 2009. 
 
Pech de l’Azé IV has been correlated to the later stages of Marine Isotope Stage 
(MIS) 5 (~130 to 74 ka) through the beginning of MIS 3 (~ 59 ka) with dating techniques 
of optically stimulated luminescence (OSL) (Jacobs et al. 2016) and thermoluminescence 
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(TL) (Richter et al. 2013) (Table 1). In addition to a rich and varied lithic and faunal 
assemblage, the combustion features preserved in the base of the sequence have been 
analyzed micromorphologically (Dibble et al. 2009; Turq et al. 2011; Goldberg et al. 
2012, 2018), and evidence was found for rake out and trampling of the combusted 
materials. The stratigraphy and depositional sequences have been described extensively 
(Table 7; Figure 33) (Dibble et al. 2009, 2018; Turq et al. 2011; Goldberg et al. 2012, 
2018). 
 
Table 7. Description of the archaeological layers of Pech de l’Azé IV, including lithic 
technology and stratigraphy. Based on (Turq et al. 2011; Jacobs et al. 2016; Dibble et al. 
2018; Goldberg et al. 2018). MIS=Marine Isotope Stage; MTA=Mousterian of Acheulian 
Tradition; TM=Typical Mousterian. Fauna Laquay 1981. 
Layer Description Lithic 
industry 
Fauna OSL 
Dates 
(ka) 
MIS 
1 Modern soil, organic rich silty sand N/A  N/A  
2 Silty-sand with rounded pebbles and 
limestone fragments, discontinuous  
None  N/A 3 
3a Reddish yellow silty sand, limestone 
inclusions (rounded, indicative of partial 
dissolution), and less cemented than Layer 
4.  
MTA-B and 
MTA-A/B 
 51.1 ± 
2.4 
3b Reddish yellow silty sand, limestone 
inclusions (rounded, indicative of partial 
dissolution), and less cemented than 4. 
MTA-A  51.0 ± 
2.6 
4a Reddish yellow silty sand with limestone 
inclusions. Cemented with calcite, even to 
the point of breccia formation in some 
areas 
Quina Reindeer 
is the 
dominant 
species 
57.3 ± 
2.8 
4/3 
4b Reddish yellow silty sand with more 
limestone inclusions than Layer 4a. 
TM 61.5 ± 
3.4 
4c Reddish yellow silty sand with limestone 
inclusions and bone fragments. The cave 
vault collapses between the deposition of 
Layers 4c and 4b.  
TM 68 ± 4 End of 
5 
through 
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5a Reddish yellow silty sand. Limestone 
inclusions are angular blocks. 
TM Increase 
in 
reindeer  
76.3 ± 4 end of 
4 
5b Reddish yellow silty sand. Limestone 
inclusions, some are well-rounded, and 
some are more angular. 
  
6a Dark brown to reddish yellow silty sand. 
Limestone inclusions are large blocks 
mostly in the upper portion of the layer 
Asinipodian Red deer, 
roe deer, 
wild pig, 
beaver. 
Negligible 
quantities 
of 
reindeer 
appear by 
Layer 6.  
76.7 ± 
3.7 
6b Silty sand with varying sizes of limestone 
inclusions 
 
7 Thin layer of coarse sand that is the result 
of intense cryoturbation. The roof begins 
to collapse after the deposition of this 
layer 
Mousterian? N/A 5d-5b 
8 Bedded clayey sand, with a dark 
black/brown color due to frequent organic 
matter and burned materials with dark 
organic-rich and ash lenses throughout.  
TM 93.9 ± 
4.4 
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Figure 33. Stratigraphic sequence at Pech de l’Azé IV. Updated stratigraphy is noted with 
numbers on yellow tags, and the layers described by Bordes are marked with letters on 
white tags. Image courtesy of the OSA team. 
 
Methods 
 
Sampling 
Samples of loose sediment were collected from all archaeological layers and 
across the excavation area during excavation to act as a record of the types of sediment. 
For the phytolith analysis, 102 of these bulk samples were chosen to provide vertical 
coverage of all archaeological layers for diachronic analyses, and as much horizontal area 
as possible to assess spatial variation. The sampling focused on samples collected from 
Layer 8 to assess the fire residues, and 25 of the 102 phytolith samples originated in this 
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layer. Additionally, four samples of sediment were collected from outside the cave to act 
as control samples: two from just under the vegetation cover on the plateau north of the 
site, one from the base of a tree throw on the plateau, and one from a ledge just above the 
site in a deposit that may have acted as a source of some of the sediments that washed 
into the cave.  
 
Phytolith Extraction 
 There are many protocols for extracting phytoliths from sediments, but they all 
follow a similar set of steps. The clay in the sediment needs to be disaggregated, 
carbonates and organic matter removed, and then the phytoliths separated from the 
remaining inorganic material by gravity sedimentation or heavy liquid flotation (Piperno 
2006). In this study two different protocols were employed based on the sedimentology 
of the site. Due to the importance of Layer 8 in interpretations of Neanderthal activity at 
the site, 25 samples from this layer were analyzed preliminarily, following the rapid 
method of extraction outlined by Katz et al. (2010) to quickly and efficiently analyze a 
large number of samples. This method is also useful because it needs very little sediment, 
so the samples can be linked to precise features or deposits, such as the different layers of 
a single combustion feature. Concentrated hydrochloric acid (HCl) and a heavy liquid 
(here sodium polytungstate at 2.4g/ml) are added to the sediment, sonicated briefly, and 
centrifuged. The resulting supernatant is removed, mixed, and placed on a slide for 
phytolith quantification and identification. However, this preliminary analysis found very 
few (and even zero) phytoliths in the samples, but very high proportions of organic 
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matter (especially carbonized animal fat known as char and microcharcoal) in all the 
slides (Appendix H).  
 A common solution for processing sediments high in organic matter is to heat the 
sediment in a muffle furnace to burn off the organic matter and release the phytoliths that 
may be trapped therein prior to extraction (Lentfer and Boyd 1998). Thus, one of the 
larger samples was subsampled, and these four new samples were heated to 500°C for 
varying times and then processed with the rapid extraction protocol (Table 8). These 
results were more promising as more than double the number of phytoliths were 
recovered, and the amount of visible organic matter decreased significantly. However, the 
resulting phytoliths were still too few to achieve statistical significance for further 
identification, and there was a continued presence of organic matter indicated. 
 
Table 8. Muffle furnace experiment with four heating times and phytolith results. 
Sample Initial 
weight (g) 
Heating 
Time 
Phytolith Description 
PDA4-F11-
2206a 
5.03 5 minutes No phytoliths, >100 microcharcoal 
per field 
PDA4-F11-
2206b 
5.02 15 minutes 2 phytoliths, >100 microcharcoal 
per field 
PDA4-F11-
2206c 
5.07 30 minutes 3 phytoliths, ~80 microcharcoal per 
field 
PDA4-F11-
2206d 
5.09 1 hour 8 phytoliths, ~50 microcharcoal per 
field 
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To attempt to recover more phytoliths, one heated and one unheated sample were 
analyzed using the protocol outline by Lombardo et al. (2016). Samples were run through 
various chemical steps to remove different fractions of the sediment (e.g., concentrated 
HCl to remove carbonates, hydrogen peroxide to remove organic matter) as in most 
extraction protocols. This method, however, adds sonication (agitation in a water bath 
using ultrasonic frequencies) to each part of the process, which can shake free as many 
phytoliths as possible from the sedimentary matrix. The resulting phytolith extract was 
mounted on slides and quantified. Both the burned and the unburned samples yielded 
promising results with the sonication method, but the burned sample had the highest 
concentration of phytoliths and lowest count of organic particles (Appendix H).  
All 25 of the original samples were then analyzed following this protocol: 1) ~5 g 
of sediment weighed into crucibles and heated at 500°C for 10 minutes; 2) the sediment 
was then weighed again to record the amount of organic matter lost; 3) the samples were 
processed according to the sonication method (Lombardo et al. 2016); 4) the resulting 
phytolith extract was dried, weighed, and ~0.01g was mounted on slides. Phytoliths per 
gram of sediment were then calculated, and identification of phytolith morphotypes 
proceeded when a statistically significant number of phytoliths (e.g., 200 or more) was 
present.  
 Based on the previous micromorphological analysis, it was clear that Layer 8 is 
the only deposit at Pech de l’Azé IV with such a large amount of organic matter and char 
(Goldberg et al. 2012). Due to the lower frequency of organic matter, it was hypothesized 
that the other layers might not suffer from the same laboratory bias as the lowest layer. 
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One representative sample from each of the other layers (7 through 1) was processed with 
both the rapid method and the sonication/muffle furnace method to assess this hypothesis. 
There was no significant difference in the resulting phytolith extracts. The analysis of 
Layers 7 through 1 proceeded with the rapid method (Katz et al. 2010) to ensure that as 
many samples were analyzed as possible.  
 
Acid Insoluble Fraction and Quantification 
 Previous research has indicated that diagenetic processes such as dissolution and 
recrystallization of mineral elements primarily affect the acid-soluble components of the 
sediment (e.g., carbonates, phosphates, and organic matter) (Albert et al. 1999). 
Diagenesis can affect parts of archaeological sites in different ways and may lead to 
samples in varying states of preservation. By normalizing the phytolith counts to the acid-
insoluble fraction (AIF) of the sediment, the effects of diagenesis can be minimized and 
samples from different areas or even from different archaeological sites can be more 
effectively compared (Albert et al. 2003). To calculate the AIF, the samples are weighed 
initially and then again after the chemical processes that remove carbonates, phosphates, 
and organic matter are carried out. The phytoliths are the isolated from the acid-insoluble 
material using heavy liquid flotation. About 1 mg of phytolith extract is mounted on a 
slide and the number of phytoliths present in 16 random fields at 200x magnification are 
counted and then divided based on the amount of AIF for each sample. This process 
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provides concentration data on the number of present in 1 g of AIF and can be compared 
with samples throughout an archaeological site or between sites.  
For Pech de l’Azé IV, the samples processed with the sonication/muffle furnace 
method lent themselves to AIF calculations as this process completely removes the acid-
soluble components prior to the isolation of the sediments (Lombardo et al. 2016). To 
calculate the AIF, the samples were simply dried and weighed after the chemical 
processing and compared with the initial weight. However, the rapid method (Katz et al. 
2010) does not separate all the sediment components and so samples extracted with this 
protocol needed to be assessed separately.  
All of the samples from Roc de Marsal and the upper layers at Pech de l’Azé IV 
were processed with the rapid method first, and then a secondary method was used to 
analyze the AIF. Fifty mg of sediment was weighed in crucibles and heated at 500 °C for 
five minutes in a muffle furnace to remove organic material. After they were cooled 
completely, the sediment was weighed and placed in 1.5 ml Eppendorf tubes with 1N 
HCl. After the reaction was complete, the samples were centrifuged at 6,000 rpm for 5 
mins. The supernatant was discarded, and the samples were washed three times. The AIF 
was dried overnight in a low-temperature drying oven and weighed. The resulting AIF 
was compared with the number of phytoliths recovered from each sample and the 
concentrations of phytoliths per gram of sediment to identify samples that may have been 
diagenetically altered. However, the two concentrations correlate strongly with one 
another, indicating that decalcification or diagenesis has not artificially concentrated 
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phytoliths in any given sample. This result also indicates that the phytolith assemblages 
from both sites are highly comparable.  
 
Phytolith Identification 
 Morphological identification of the phytoliths followed the standard literature 
(Twiss et al. 1969; Brown 1984; Rapp and Mulholland 1992; Parr and Carter 2003; 
Strömberg 2004; Madella et al. 2005; Piperno 2006). Terms consistent with anatomical 
identification are used to describe phytolith morphologies when possible; otherwise, 
phytoliths are described by shape according to the standards set out by the International 
Code for Phytolith Nomenclature (Madella et al. 2005). In general, a minimum of 200 
phytoliths was identified on each slide, producing a statistical error margin of 20%, 
which is acceptable given the constraints of specific identification (Albert et al. 2000, 
2003; Albert and Weiner 2001). For Layers 8 and 6A/B at Pech de l’Azé IV, 200 
phytoliths were identified for each sample analyzed. Samples with fewer than 200 
identifiable phytoliths are usually not included in morphological analysis due to large 
statistical errors.  
However, nearly all of the other samples from Pech de l’Azé IV had fewer than 
200 identifiable phytoliths in a given slide; this pattern is similar to the upper layers of 
Roc de Marsal (Wroth et al. in review). To obtain as much information as possible, up to 
nine additional slides were created with the remaining extracted supernatant. Identifiable 
phytoliths in the additional slides were identified until a statistically significant number 
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was achieved. These samples were not interpreted in the same way as those that achieve 
statistical significance. However, the data recovered from these samples are included in 
charts and graphs, but they are noted in the Supplementary data.  
 Phytolith types are presented as a relative frequency of total identifiable 
phytoliths per sample in the figures below, while full raw counts are given in a 
supplementary spreadsheet (Appendix I). Phytolith morphologies are grouped into four 
main categories: herbaceous dicotyledonous plants, woody dicotyledonous plants, 
monocotyledonous plants, and grass short cell phytoliths, with attributions following 
published comparative studies (Madella et al., 2005; Neumann et al., 2009; Piperno, 
2006; Strömberg, 2004; Twiss et al., 1969). Additionally, silica without identifiable 
morphological characteristics was classified as follows: 1) melted: phytoliths discolored, 
partially amorphous, and bubbled; 2) weathered: phytoliths so pitted or etched that they 
could not be placed in one of the four groups; and 3) fragments: small pieces of broken 
phytoliths. 
 
Micromorphological Analysis 
Sediment micromorphology utilizes intact blocks of sediment in which the 
original orientation of the components and their relationship to one another are preserved 
(Courty et al. 1989; Goldberg and Macphail 2006). Blocks of intact sediment are 
removed from stratigraphic profiles or excavation areas and then consolidated and 
stabilized using either plaster of Paris or tissue paper and packing tape (Goldberg and 
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Macphail 2003). In the laboratory, the blocks are dried and impregnated with polyester 
resin. The hardened sediment is cut into slices that are 100 µm and the approximate size 
of the desired slide (usually ~50x75 mm). They are then attached to glass slides and the 
hardened sediment is ground to a thickness of 30 µm. 
 The thin sections are then analyzed under a petrographic microscope using plane-
polarized (PPL) or cross-polarized (XPL) light, as well as ultra-violet illumination (UV), 
to identify the different organic and mineral components of the sediment (e.g., quartz, 
bone, other minerals). The fabric (how the different elements of the sediment are 
positioned in relation to one another) can help elucidate the processes that led to their 
deposition through time, as well as post-depositional modifications (including soil 
formation and human activity) (Goldberg and Macphail 2006). For example, finely 
laminated sediments with evidence of grading (e.g., coarser particles on the bottom and 
finer on top) indicate that sediments were deposited by a fluid, either water or wind. 
Micromorphological analysis can also be used to examine anthropogenic deposits, 
revealing post- or syn-depositional processes such as an instance of sweeping or 
trampling (e.g., Goldberg et al. 2009).  
Micromorphological analysis at Pech de l’Azé IV focused first on examining the 
general geologic setting of the sites (Dibble et al. 2009; Goldberg et al. 2018), as well as 
specific instances of Neanderthal activity (e.g., pyrotechnology) (Goldberg et al. 2012). 
These analyses were crucial for determining basic information about the depositional 
events that would have affected both the sediments and phytolith assemblages. However, 
the initial assessment of the micromorphological samples did not include a specific focus 
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on plant remains. Thus, sediment samples that could be positively connected to a 
representative bulk sediment sample collected for phytolith analysis were reassessed. 
 
Results 
 
Control Samples 
 Two samples of loose sediment were collected from just under the modern 
vegetation cover on the plateau above the site to better understand the background 
signature for the phytoliths in the area. These samples had low concentrations of 
phytoliths (Control 1: 27,495/g of sediment; Control 2: 37,016/g of sediment) and were 
primarily composed of irregular phytoliths that likely originated in the wood and bark of 
dicotyledonous plants and multi-cellular polyhedral phytoliths that come from dicot 
leaves.  
 The sample collected from the base of a tree throw on the plateau revealed that 
the sediment was a clayey fine sand with clay coatings around roots, indicating it was 
likely a Bt horizon. This sample had 369,050 phytoliths per gram of sediment, relatively 
more than the other plateau sediments. A sample collected from a deposit of clayey sand 
located on a ledge that overlooks the site had many roots and worm casts, although the 
organic content decreased with depth. This deposit could have served as a source of some 
of the sediments for the site. This control sample had the most phytoliths per gram of 
sediment (703,124).  
 157 
 
 
Phytolith Concentrations 
After processing samples from Layer 8 with the rapid method (Katz et al. 2010), 
phytoliths were completely absent in 20 of the 25 samples originally analyzed (Figure 
34a). Five of the preliminary samples had one to two phytoliths per slide, resulting in 
concentrations of ~10,000 phytoliths per gram of sediment (Appendix H). However, all 
the samples had many fragments of microcharcoal, char, and other unidentified organic 
matter, often with more than 100 fragments counted per field of view (Figure 35).  
 
 
Figure 34. Comparison of phytolith concentrations after A) rapid method (Katz et al. 
2010) and B) the sonication plus burning method (after Lombardo et al. 2016).  
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Figure 35. Phytolith slides after the rapid extraction protocol. A) Shows a single 
polylobate short cell (red circle) in supernatant that has been tinted brown by organic 
material; B) A single bilobate short cell (red circle) with frequent pieces of organic matter 
(charcoal, char, undifferentiated) of multiple sizes and shapes.  
 
These 25 samples from Layer 8 were processed again using a combination of ten 
minutes of heating in a muffle furnace at 500° C and the sonication protocol outlined by 
Lombardo et al. (2016). This process recovered several orders of magnitude more 
phytoliths from the samples (between 300 and 500% increase), and there appears to be 
variation in the phytolith concentrations in different areas of Layer 8 (Figure 34b). The 
band of samples recovered from grid squares E11 through E13 had low densities of 
phytoliths but with a high degree of variation among the samples (73,338 ± 27,438); the 
samples from F12 and F13, however, had some of the highest concentrations of 
phytoliths in the layer (492,203 ± 74,906). The sample analyzed from D13 also had one 
of the highest concentrations amongst the Layer 8 samples with 503,015 phytoliths per 
gram of sediment.  
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Layer 8 Phytolith Morphotypes and Plant Attributions  
 The morphotypes in Layer 8 were divided into groups based on standard 
identification protocols, including general monocots, monocot inflorescences, monocot 
leaves/stems, grass short cells, general dicots, wood/bark dicots, dicot leaves/stems, and 
species specific phytoliths (Appendix I; Madella et al. 2005). Additional categories for 
weathered, melted, and unidentifiable were utilized when other identification 
characteristics could not be discerned. In general, all samples of the samples—save one—
had more than 50% monocotyledonous phytoliths and 30% to 40% dicotyledonous 
phytoliths (Figure 36). Phytoliths from the leaves of dicots never exceeded 11% of the 
total identified dicotyledonous phytoliths, and all the samples were predominantly wood 
and bark phytoliths. Of the monocot phytoliths, the majority were grass short cells or 
from leaves and stems, with only 1-2% derived from monocot inflorescences. The grass 
short cells were evenly divided, with an average of 61% of total identified short cells 
coming from Pooid grasses and 39% from Panicoid grasses (Figure 37). No phytoliths of 
sedges were identified.  
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Figure 36. Total identifiable phytoliths in Layer 8, including percentage of monocot and 
dicot phytoliths. These identifications also include those that were weathered beyond 
further identification and those that were clearly melted or altered by heat.  
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Figure 37. Percentage of Pooid-type short cells (rondels) vs. Panicoid-type short cells 
(bilobates) of the total identified short cells from Layer 8 of Pech de l’Azé IV, organized 
according to grid square.  
 
Other Layers 
 Layers 7 through 1 had very low concentrations of phytoliths, and the majority of 
samples from these layers had < 30,000 phytoliths/g of sediment (Figure 38). Previous 
research indicates that identifying a minimum of 200 phytoliths per sample produces a 
statistical error margin of 20%, and that samples with fewer than 200 identifiable 
phytoliths should not be included in the morphological analyses due to their large 
statistical errors (Albert et al. 2000, 2003; Albert and Weiner 2001). However, only the 
samples from Layers 6A and 6B had enough identifiable phytoliths to achieve statistical 
significance. The phytolith assemblages from both of these layers have an average of 30 
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to 40% dicot phytoliths, composed largely of wood and bark phytoliths with a component 
of dicot leaves at ~ 12 to 15% of the identified dicot phytoliths. Layers 6B and 6A had 60 
to 70% monocotyledonous phytoliths, primarily made up of general monocot phytoliths 
and grass short cells. In contrast to Layer 8, the samples from Layer 6B generally have a 
higher proportion of Panicoid- than Pooid-type phytoliths; Panicoid phytoliths are less 
numerous in Layer 6A. Interestingly, Layer 6A had a higher percentage of grass 
inflorescence phytoliths (~5 to 10%), than any other sample at Pech de l’Azé IV or Roc 
de Marsal.  
 Layers 7 and Layers 5 through 2 did not have statistically significant 
concentrations of phytoliths; often only one or two per slide could be identified. There 
are a few general patterns that can be noted. For examples, the phytoliths from these 
layers are nearly all the irregular or rugulate type, and there was a higher proportion of 
weathered morphotypes. The identifiable phytoliths from the upper layers were nearly all 
rondel grass short cells. 
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Figure 38. Phytoliths per gram of sediment for each archaeological layer at Pech de l’Azé 
IV. 
 
Discussion 
 
Extraction Protocols  
The analysis of the Pech de l’Azé IV samples demonstrates the necessity of 
carefully evaluating laboratory methods prior to analyzing all of the collected samples, 
but before continuing with the interpretation of phytolith assemblages. The frequency of 
organic matter, microcharcoal, and char in the Layer 8 sediment affected the results of the 
rapid processing method, as many phytoliths appear to have been trapped within organic 
matter of various types. Additionally, the supernatant that resulted from this method was 
very dirty and appeared as a dark film over the slides, making phytolith identifications 
difficult. The darkening of the supernatant may be the char, microcharcoal, and other 
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organic matter such as soil humates dissolved and homogenized within the processing 
chemicals, which were then small and light enough to float with the phytoliths during the 
heavy liquid flotation step. It seems likely that this slight dissolution and homogenization 
of the organic matter resulted in both the dark film in the samples and the larger 
fragments of organic matter noted throughout the slides. Heating the samples in the 
muffle furnace to burn off excess organic matter and shaking the sediment in the 
sonicator allowed phytoliths that were likely trapped in the organic matter to be freed 
from the encasing matrix. The comparative analysis of representative samples from all 
other layers supports the hypothesis that the high proportion of organic matter in Layer 8 
was indeed the controlling factor, as all the other layers produced similar results 
regardless of the extraction protocol employed.  
It is clear that the type of sediment present at a site should be carefully considered 
before a full analysis is attempted in order to proceed in the most efficient way possible. 
The rapid method is a useful tool to pre-screen many samples at a time and assess how 
the sediments may affect the extraction protocols (Katz et al. 2010). In combination with 
FTIR to assess diagenesis and preservation conditions, the rapid method can be used to 
check representative samples from all archaeological layers or different parts of an 
archaeological site and provide rapid results on where phytoliths are most likely 
preserved and how they should be most effectively studied (Rodriguez-Cintas and 
Cabanes 2017). If necessary, other extraction protocols such as the sonication method or 
microwave digestion can then be used for more in-depth analysis to recover as many 
phytoliths as possible but targeted only to the samples that require these more intense 
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extraction protocols (Parr et al. 2001; Piperno 2006; Lombardo et al. 2016). This 
consideration is important, too, because the rapid method requires very little sediment 
(~30 to 60 mg), allowing the samples to be more precisely located within in a feature or 
deposit and to be collected in a more highly contextualized manner (Katz et al. 2010). In 
contrast, many of the other methods utilize larger quantities of sediment (from 5 to 50 g) 
and therefore the samples are more likely to result from multiple archaeological events or 
cross microscale deposits (Piperno 2006). When larger quantities of sediment are 
required it is also more difficult to collect many, highly contextualized samples, and the 
other extraction protocols tend to rely on larger quantities of stronger chemicals. Thus, 
combining approaches by pre-screening with the rapid method and following up with 
other appropriate protocols allows for the most effective and efficient analyses. 
 
Integrity of the Phytolith Record 
In general, the phytolith assemblages at Pech de l’Azé IV seem to be intact and 
have not been post-depositionally altered to any great degree. The micromorphological 
analyses in combination with FTIR on the sediments do not show any widespread 
evidence for processes like decalcification or the appearance of authigenic minerals such 
as dahllite (Goldberg et al. 2018). The calculations of the AIF support these conclusions 
and there is no evidence for the artificial concentration of phytoliths through 
decalcification. The upper layers have higher proportions of weathered morphotypes and 
lower concentrations of phytoliths, which can be an indication of phytolith dissolution 
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(Albert et al. 2003). However, there are no other signs of the types of conditions that 
could cause phytolith dissolution in these layers and instead it seems likely that these 
phytoliths may have been deposited in the site through natural processes such as wind or 
plant growth. It is difficult to provide a more precise explanation for the phytoliths from 
the upper layers as the low concentrations and high proportions of phytoliths weathered 
beyond morphotype identification make it difficult to achieve statistical significance in 
assigning phytoliths to specific plant groups.  
The phytolith assemblages from the control samples collected from beneath the 
modern vegetation on the plateau above the site and the tree throw are very different from 
the phytoliths from within the site. However, the sample collected from the sediment 
deposit on the ledge above the site is broadly similar to the upper layers with a mix of 
wood/bark and grass phytoliths and a high proportion of weathered morphotypes. This 
sample also had the highest concentration of phytoliths of any of the samples analyzed in 
this study. This pattern may support the conclusion that the phytoliths from the upper 
layers were deposited through natural processes, and perhaps the deposit just above the 
site acted as a source of these phytoliths.  
 
Environmental setting 
The various types of grass short cell phytoliths have frequently been connected to 
grasses that are adapted to grow in specific environmental conditions; for example, 
bilobates originate in Panicoid grasses that grow in warmer, wetter environments, 
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whereas rondels come from Pooid grasses that prefer cooler, drier conditions (Pearsall 
and Piperno 1993; Piperno 2006). Although both types of phytoliths are present in Layer 
8 at Pech de l’Azé IV, there is generally a greater frequency of Pooid phytoliths (Figure 
37). This pattern can be contrasted with Layer 6B, which has a higher percentage of 
Panicoid phytoliths. These environmental conditions appear to fit with the OSL dates for 
these layers and may support the correlation of Layer 8 with 5b/5c and Layer 6B with the 
warmer conditions of (MIS 5a), or the transition from the cooler interstadial period to full 
stadial conditions (Jacobs et al. 2016). The continued decrease in Panicoid-type 
phytoliths in Layer 6A and their absence from the layers above may show the beginnings 
of the environmental deterioration associated with the glacial conditions of MIS 4.  
However, the phytolith assemblages at Pech de l’Azé IV are not the result of 
solely natural factors, and the influence of Neanderthal choice on these grass short cells 
must also be considered. Grass phytoliths can enter the archaeological record in a variety 
of ways: they can blow or wash in through wind or water; they can adhere to the outside 
of other plant resources like wood/bark; and they can be brought in by Neanderthals for 
specific purposes such as tools, bedding, or food (Madella and Lancelotti 2012). The 
proportions of different kinds of grass short might reflect these factors. However, the 
grasses that are available to be collected or even blow into an archaeological site are 
dictated by the environmental constraints. Thus, even if there is a very high proportion of 
Panicoid grasses in the phytolith assemblage, the environment may not be completely 
composed of Panicoid grasses as the Neanderthals could have been targeting these plants 
specifically or there could have been a stand of the plants growing very near the site. 
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However, the presence of these different types of grasses does indicate that the 
environmental conditions were such that certain types of plants could grow and then 
would have been available for Neanderthal use. Thus, by coming the information on 
grass short cells with the factors that affected phytolith deposition and other 
environmental information from the faunal, sedimentology, and dating, a more robust 
picture of the environmental constraints can be built.  
The mixed phytolith pattern also fits well with the evidence from the faunal 
assemblage, which indicates generally forested and temperate conditions for both layers 
(Niven and Martin 2018). Both Panicoid and Pooid grasses could have been found in 
such a landscape. The faunal remains from Layer 8 provided evidence for repeated 
occupation for all or most of the year, while Layer 6 had more evidence for seasonality, 
indicating occupation in the winter, spring, and summer (Niven and Martin 2018). The 
possible differences in seasonal occupation of the site through time may also explain 
some of the differences in the phytoliths recovered from Layers 8 and 6.  
   
Pyrotechnology and Fuel Resources 
The samples collected from Layer 8 have the highest concentrations of any of the 
analyzed samples from Pech de l’Azé IV. Previous research has indicated that diagenetic 
processes such as decalcification can compress layers, artificially concentrating the 
phytoliths; sediments with large proportions of calcitic ash can be particularly susceptible 
to this type of alteration. However, the analysis of the AIF from the Layer 8 samples 
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indicated that this diagenetic alteration was not the case at Pech de l’Azé IV and that all 
of the samples were intact and representative of the plant material that was deposited.   
The phytoliths recovered from the combustion features and fire residues of Layer 
8 show varying concentrations across the layer. This patterning may be related to a mix 
of Neanderthal activity and the remains of intact combustion features (Figure 34B). The 
excavation descriptions and micromorphological analysis of the fire residues at Pech de 
l’Azé IV demonstrate that Layer 8 includes discrete lenses of ash, burned bone, and 
organic matter (charcoal and char), as well as more homogenized, dispersed ash, charcoal 
and bone (Goldberg et al. 2012; 2018). A few discrete combustion features were noted 
during excavation, but the layer is irregularly bedded and punctuated with both intact and 
semi-intact combustion features that appear as lenses. There is some evidence that more 
distinct combustion features once existed, but Neanderthal behaviors may have altered 
them. For example, the analysis of combustion feature PDA-52 exhibited an erosional 
contact between two subunits of sediment that include burned material and ashes that did 
not show internal structuring of these materials. It is likely that Neanderthal activities 
such as rake out or sweeping of combustion features moved these materials out of their 
original positions and redistributed them (Goldberg et al. 2012; 2018). The lower 
concentrations of phytoliths that are more dispersed through the area of Layer 8 may be 
further evidence of sweeping, rake out, and trampling that diluted and homogenized the 
phytoliths. The higher concentrations in D13 and F13 may be a type of ghost hearth; in 
other words, these concentrations may show the original placement of combustion 
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features that were later altered. The higher concentration areas might also be the remains 
of a dumping deposit, or one of the discrete ash lenses mentioned above.  
This pattern contrasts with the analysis of the Roc de Marsal combustions features 
that are more structured, with defined layers of rubification, charcoal, and ash (Goldberg 
et al. 2012; Aldeias et al. 2012). The phytolith analysis from samples collected directly 
from combustion features at Roc de Marsal had very high concentrations of phytoliths, 
often more than 1 million phytoliths per gram of sediment, and with high proportions of 
wood/bark phytoliths (Wroth et al. in review). It seems likely that these concentrations 
are the result of burning plant material in situ with no later movement or alteration of the 
fire residues. The differences between the two sites, however, may also be affected by 
differences in sedimentation rates as overall the sedimentation at Pech de l’Azé IV was 
much greater (Goldberg et al. 2018).  
In addition to the difference in the post-depositional alteration of the combustion 
features, it appears that there is a difference between the two sites in terms of fuel use. At 
Roc de Marsal, the highest concentrations of phytoliths and high proportions of 
wood/bark phytoliths were clearly correlated with samples collected from intact hearth 
features that also included visible, intact ash layers. This pattern was interpreted as 
evidence for wood as a primary component of the fuel resources employed by 
Neanderthals at the site (Aldeias et al. 2012; Wroth et al. in review). In contrast, at Pech 
de l’Azé IV there are low concentrations of phytoliths (<500,000 phytoliths per gram of 
sediment), a significant proportion of wood/bark phytoliths in comparison to grass 
phytoliths, and a large amount of other burned materials, including char, charcoal, and 
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many small fragments of burned bones (Goldberg et al. 2018; Niven and Martin 2018). It 
appears that Pech de l’Azé IV had much lower inputs of plant material into the sequence 
than at Roc de Marsal, but Pech de l’Azé IV still has a relatively high frequency of 
wood/bark phytoliths. This combination of low phytolith densities, fewer discrete ash 
deposits, more organic matter, and the frequent appearance of char and burned bone may 
indicate that bone was the primary fuel source at the site, and that perhaps wood was 
employed in a secondary role to start fires or control the temperature.   
The subject of fuel use has been much debated in Middle Paleolithic archaeology, 
and several key studies have demonstrated that Neanderthals likely employed a variety of 
fuel sources, including wood, bone, and coal. As charcoal is frequently present in Middle 
Paleolithic sites, wood is often proposed as a fuel source. For example, charcoal analysis 
at Abric Romani, Spain indicates the presence of locally gathered Scots pine (Pinus 
sylvestris) in the assemblages (Allué et al. 2017). However, Les Canalettes, France 
Mousterian fire features include the remains of burned lignite, a form of coal (Théry et al. 
1996). There is evidence for the use of bone fuel from Saint-Césaire (Morin 2004), La 
Quina (Chase 1999), and El Esquilleu (Yravedra and Uzquiano 2013). However, bone 
fuel can be difficult to trace as burned bone may be the result of the use of bone fuel but 
may also result from roasting bones for cooking or grease extraction, incidental burning 
when fires are constructed on top of discarded bones, or bones that have been burned as 
part of site maintenance (Niven and Martin 2018). Costamagno et al. (2009) have created 
statistical models for the bone assemblages that may result from each of these activities, 
analyzing percentages of burned bone, as well as the size and shape of bone fragments. 
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The application of these models to the faunal remains from Pech de l’Azé IV clearly 
demonstrated that the burned bones were the result of a combination of bone fuel and site 
maintenance. The pattern of plant remains at Pech de l’Azé IV supports the conclusion 
that bone was a primary fuel source at the site. Therefore, the pattern of low phytolith 
concentrations with large proportions of wood/bark phytoliths, and the frequent 
appearance of char and microcharcoal in the phytolith samples may be a signature of 
bone fuel use that could be applied when other macroscopic observations are not present.  
However, previous studies have often hypothesized that bone fuel is used either 
during periods of climatic deterioration when plant fuel resources are scarce (Théry-
Parisot 2005; Yravedra and Uzquiano 2013). The faunal remains and the grass short cell 
phytoliths from Layer 8 at Pech de l’Azé IV indicate that the environment was temperate 
and that the area around the site was likely forested. This type of environment would 
have provided more than enough wood and grass to act as fuel sources for the site, yet at 
the same time the Neanderthals occupying the site were using bone in their fires. Such a 
pattern may indicate that this type of fire was being used for a specific purpose, as bone 
fires tend to keep a more constant temperature for a longer time than those using only 
plant fuel (Yravedra and Uzquiano 2013). More research is necessary to better 
understand what these purposes might have been.  
 
Conclusions 
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Although broadly similar in terms of the overall chronology, stratigraphy, and 
artifact assemblages, there are key differences in the phytolith assemblages of Pech de 
l’Azé IV and Roc de Marsal due both to the methods most effective for analyzing the 
sites as well as the Neanderthal activities associated with the fire features. The phytolith 
analysis of these two sites supports and builds upon the differences noted via 
micromorphological analysis regarding the pyrotechnology employed by Neanderthals. 
Although the Neanderthals occupying the sites were using fire and maintaining 
combustion features at each site, there are clear differences in the actual activities. At Roc 
de Marsal, the combustion features are generally more structured, often stacked on top of 
one another in the same area and tend to remain unaltered after use (Goldberg et al. 2012; 
Aldeias et al. 2012). The high concentration of wood and bark phytoliths recovered from 
within the combustion features is indicative of wood as a primary fuel source (Wroth et 
al. in review). At Pech de l’Azé IV, on the other hand, the combustion features are more 
diffuse as activities such as sweeping and trampling dispersed and homogenized the 
burned materials, and only a few discrete lenses of burned material remain in place 
(Goldberg et al. 2012). The low overall concentrations of phytoliths, but with a continued 
presence of wood and bark phytoliths, in combination with abundant burned bones and 
char indicate that wood was not the primary fuel source. Instead, Neanderthal inhabitants 
of Pech de l’Azé IV were likely employing a combination of bone and wood to fuel their 
fires.  
The comparison adds to our understanding of Neande rthal pyrotechnology and 
plant use in the region. It demonstrates how phytolith assemblages differ even between 
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very similar sites and indicates that there is a continued need to explore how phytolith 
assemblages form on a site-by-site basis. The high level of organic matter found in Layer 
8 at Pech de l’Azé IV greatly impacted the best practices for analyzing this layer. By 
understanding the constituent parts of the sediment, a better extraction protocol was 
chosen that was more specifically tailored to the site. This process indicates that there is 
no one size fits all extraction protocol for phytoliths, as both phytolith assemblages and 
sediments vary widely among archaeological sites. Instead, phytolith analysis should be 
combined with geoarchaeological techniques to assess the types of sediment present and 
thus choose the most efficient and effective phytolith extraction methods. By integrating 
phytolith and geoarchaeological analyses, it is possible to provide more robust 
interpretations of how deposits and phytolith assemblages formed and changed through 
time.  
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CHAPTER FIVE: CONCLUSIONS 
 
 
The research presented here aims to understand and interpret phytoliths recovered 
from Middle Paleolithic sites and relate them to both Neanderthal activities and the 
environment. These studies are connected by a secondary thread of delving into phytolith 
methodology to explore burgeoning methods, assess best practices, and provide a 
framework for future analyses.  
On one hand, this dissertation adds detail to the understanding of Neanderthal 
plant use at Middle Paleolithic cave sites, as well as site-formation processes and 
environmental data. In Chapter 2, the phytolith assemblages at Roc de Marsal provided 
evidence for Neanderthal actions in the form of pyrotechnology, suggesting the use of 
wood fuel in the combustion features and finding evidence for other uses of grasses, such 
as surface preparations or bedding. These are important details in the story of 
Neanderthal plant use because, while similar evidence has been uncovered in the Near 
East and Spain, the evidence for surface preparations or bedding is much scarcer in the 
more temperate parts of the Neanderthal range. The Roc de Marsal phytoliths are also 
important for reconstructing evidence of site-formation processes, acting as a marker of 
the dripline and main activity areas that can be used to track change in the use of space 
through time.  
The grass short cells found at Roc de Marsal provide an environmental framework 
for understanding Neanderthal behavior, indicating warmer, wetter conditions in the 
lower layers and cooler, drier conditions in the upper layers. These data support the 
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evidence from faunal and sedimentological analyses, and they help support the attribution 
of the lower layers to MIS 5e and the upper layers to the glacial period of MIS4. These 
grass short cells were also investigated in greater detail with morphometrics analysis 
discussed in Chapter 3, which demonstrated that the variation in the bilobates was likely 
related to multiple plant species being used at the site. The morphometrics study of the 
bilobates also demonstrated a lack of patterning within the bilobates types between layers 
or in different parts of the site. It appears that Neanderthals were employing a variety of 
grasses in the lower layers rather than a specific plant for a specific purpose.    
Although the sites of Roc de Marsal and Pech de l’Azé IV are similar in many 
ways, there are key differences in the phytolith assemblages related to Neanderthal 
activity and environmental setting. The grass phytoliths recovered from Layer 8 at Pech 
de l’Azé IV were a more even mix between Panicoid- and Pooid-type short cells, 
indicating that this layer is likely associated with the transitional period from interstadial 
to full stadial in the later stages of MIS 5. The higher proportion of bilobate phytoliths 
from Panicoid grasses in Layer 6B may be related to the warmer conditions of MIS 5a, 
prior to the climatic deterioration to the glacial period. The overall amount of phytoliths 
and plant material in general at Pech de l’Azé IV was much lower than at Roc de Marsal. 
In combination with the frequency of char, microcharcoal, and small fragments of burned 
bones recovered from the fire residues, it appears that the Neanderthals at Pech de l’Azé 
IV were using bone as a primary fuel source. The differences in pyrotechnology noted at 
these two sites add to the growing understanding of how Neanderthals built, maintained, 
and altered fire features.  
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The analyses presented here were also used to assess methodological concerns 
and to understand how to circumvent the limitations of phytolith analysis more 
holistically. Chapter 2 demonstrated the importance of carefully chosen control samples 
to compare with archaeological samples, and how integrating these control samples with 
micromorphological analysis and FTIR provides the clearest contextual framework for 
interpreting phytolith samples. The addition of multiple extraction protocols used in the 
analysis of the Pech de l’Azé IV sediments in Chapter 4 demonstrates the importance of 
considering the type of sediment present at an archaeological site prior to and during 
phytolith extraction. The large proportion of organic matter present in Layer 8 at Pech de 
l’Azé IV trapped and obscured the phytoliths, and a more complicated protocol was 
necessary to fully extract the plant remains. Prescreening phytolith samples using 
geoarchaeological techniques such as micromorphology, sedimentology, or FTIR can 
help determine the most effective extraction protocols, leading to more effective and 
efficient phytolith analysis. Archaeological sites are the result of a unique combination of 
natural and anthropogenic forces through time, and no single method for phytolith 
analysis will work every time. Researchers must consider the specific sediment types and 
site formation processes in every case. Using micromorphology and sedimentology in 
conjunction with phytolith analysis allows researchers to collect appropriate control 
samples, choose the correct extraction protocols for the situation, and interpret how site 
formation processes affected phytolith assemblages.  
 Chapter 3 considered best practices for applying analytical and interpretive 
approaches such as morphometrics to archaeological assemblages. New technologies 
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such as the digital, open access approach to morphometric analysis employed in this 
dissertation enable researchers to quickly measure and define large numbers of 
phytoliths, adding a quantitative element to identifications that were once largely 
qualitative. However, the analysis of the modern plant specimens in Chapter 3 
demonstrates that many plants that produce similar phytoliths have largely overlapping 
morphometric ranges, and several different types of measurements may be necessary to 
define specific species. These overlapping ranges and difficulties in precisely measuring 
single, unknown phytoliths in a repeatable manner can lead to problems when attempting 
to morphometrically identify phytoliths from archaeological assemblages when there is 
no cultural or contextual way to narrow down the types of plants that may have 
contributed to the assemblage. However, the morphometrics approach does allow for the 
quantification of variation within an archaeological assemblage, adding nuance to 
interpretations. For example, the bilobates at Roc de Marsal were likely the result of 
multiple species, indicating that the Neanderthals utilized a variety of grasses. Overall 
this study also demonstrated that it is necessary to build reference databases that include 
more quantitative data, continue to make them open access and digitally available, and 
model how variation in an environment affects archaeological plant remains before 
morphometrics can most effectively be applied to a wider variety of archaeological 
phytolith assemblages.  
 Phytolith analysis from Roc de Marsal and Pech de l’Azé IV provides important 
insight into how Neanderthals used plant resources, what the environmental context for 
these archaeological sites may have been, and how site formation processes affect both 
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plant remains and sediments. These analyses also add to a growing database of case 
studies that can be used by paleoethnobotanists and archaeologists to carry out more 
efficient and effective phytolith analyses at sites beyond those of Middle Paleolithic 
France.  
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APPENDIX A: ROC DE MARSAL PHYTOLITH SAMPLE INFORMATION 
 
Note: the following materials represent the Online Resources provided with the article 
submitted to Archaeological and Anthropological Sciences titled “Neanderthal plant use 
and pyrotechnology: phytolith evidence from Roc de Marsal, France” coauthored by 
Kristen Wroth, Dan Cabanes, John M. Marston, Vera Aldeias, Dennis Sandgathe, Alain 
Turq, Paul Goldberg, and Harold Dibble. 
 
Phytolith sample information organized by archaeological layer. Area designations were 
divided into four categories: terrace area GS E-G, dripline GS H-J, front GS K-M, and 
test trenches made in the otherwise unexcavated portion in GS J20. Samples collected for 
phytolith analysis during excavation are categorized as collected by Dan Cabanes (DC), 
samples collected for other analyses during excavation are recorded as excavation (EX), 
and those collected after excavations were completed are categorized as collected by 
Kristen Wroth (KW). 
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PHYTO 8 
        
509,440  
        
889,498  1 E17 
1017.
927 
1005.
9 -2.356 Terrace KW 2015 KW 
RDM-F18-
18 
         
83,731  
        
145,888  1 F18 
1018.
207 
1006.
86 -1.721 Terrace EX 2004 KW 
RDM-I17-
38 
        
123,349  
        
219,703  1 I17 
1017.
758 
1009.
55 -1.375 Dripline EX 2005 KW 
RDM-K16-
9 
      
2,874,863  
      
6,016,177  1 K16 
1016.
872 
1011.
24 -1.285 Front EX 2005 KW 
PHYTO 29 
        
594,517  
      
1,035,730  2 H17 
1017.
68 
1008.
25 -1.598 Dripline KW 2015 KW 
PHYTO 35 
        
101,907  
        
124,277  2 J17 
1017.
484 
1010.
19 -1.934 Dripline KW 2015 KW 
PHYTO 36 
         
71,590  
         
79,122  2 J17 
1017.
476 
1010.
14 -1.814 Dripline KW 2015 KW 
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RDM-J20-
5              66  
            140  
2 J20 
1020.
80 
1010.
78 -1.864 
Test 
trenches DC 2005 DC 
RDM-J20-
6              -   
             -   
2 J20 
1020.
82 
1010.
78 -1.812 
Test 
trenches DC 2005 DC 
RDM-J20-
7               5  
             10  
2 J20 
1020.
78 
1010.
80 -1.771 
Test 
trenches DC 2005 DC 
RDM-J20-
8              38  
             80  
2 J20 
1020.
72 
1010.
83 -1.785 
Test 
trenches DC 2005 DC 
PHYTO 28 
         
95,280  
        
144,363  3 H17 
1017.
775 
1008.
24 -2.015 Dripline KW 2015 KW 
RDM-G18-
333 
        
246,698  
        
406,086  3 G18 
1018.
556 
1007.
68 -2.013 Terrace EX 2004 KW 
PHYTO 7 
         
83,083  
        
163,269  4 E17 
1017.
928 
1005.
91 -2.441 Terrace KW 2015 KW 
PHYTO 11 
         
25,938  
         
47,115  4 M16 
1016.
247 1014 -1.957 Front KW 2015 KW 
PHYTO 12 
         
35,158  
         
47,922  4 M16 
1016.
28 1014 -2.037 Front KW 2015 KW 
PHYTO 26 
         
65,267  
        
101,912  4 H17 
1017.
874 
1008.
24 -2.262 Dripline KW 2015 KW 
PHYTO 27 
         
91,303  
        
135,358  4 H17 
1017.
733 
1008.
24 -2.185 Dripline KW 2015 KW 
PHYTO 34 
         
79,677  
        
114,155  4 J17 
1017.
489 
1010.
17 -2.232 Dripline KW 2015 KW 
RDM-F18-
174 
         
64,124  
        
108,713  4 F18 
1018.
707 
1006.
23 -2.379 Terrace EX 2004 KW 
RDM-I17-
519 
         
18,864  
         
32,005  4 I17 
1017.
894 
1009.
94 -2.116 Dripline EX 2005 KW 
RDM-J18-
2174 
         
84,223  
        
124,471  4 J18 
1018.
274 
1010.
23 -2.289 Dripline EX 2005 KW 
RDM-K18-
399 
            
375              560  4 K18 
1018.
057 
1011.
73 -2.323 Front DC 2005 DC 
RDM-K18-
398 
            
897            1,300  4 K18 
1018.
188 
1011.
64 -2.368 Front DC 2005 DC 
RDM-F18-
1044              84  
            140  
4 F18 
1018.
86 
1006.
62 -2.349 Terrace DC 2005 DC 
RDM-G18-
2534 
            
110  
            230  
4 G18 
1018.
04 
1007.
11 -2.242 Terrace DC 2005 DC 
RDM-F18-
1045              65  
            120  
4 F18 
1018.
10 
1007.
11 -2.18 Terrace DC 2005 DC 
RDM-G18-
2535              -   
             -   
4 G18 
1018.
01 
1007.
16 -2.108 Terrace DC 2005 DC 
RDM-
M16-2108              44  
            120  
4 M16 
1016.
78 
1013.
31 -2.366 Front DC 2005 DC 
RDM-J20-
3              37  
             80  
4 J20 
1020.
81 
1010.
72 -1.995 
Test 
trenches DC 2005 DC 
RDM-J20-
2              92  
            170  
4 J20 
1020.
79 
1010.
76 -1.951 
Test 
trenches DC 2005 DC 
RDM-K18-
4786 
         
26,284  
         
36,965  5 K18 
1018.
44 
1011.
28 -2.485 Dripline DC 2007 KW 
RDM-H18-
1905 
         
86,661  
        
135,407  5 H18 
1018.
117 
1008.
09 -2.395 Dripline EX 2006 KW 
PHYTO 25 
        
128,125  
        
205,530  5 H17 
1017.
816 
1008.
24 -2.357 Dripline KW 2015 KW 
RDM-G18-
2659 
         
77,921  
        
127,739  5 G18 
1018.
485 
1007.
49 -2.309 Terrace EX 2005 KW 
RDM-G18-
2738 
        
108,060  
        
173,488  5 G18 
1018.
509 
1007.
23 -2.318 Terrace EX 2005 KW 
RDM-K18-
397 
          
2,412            3,600  5 K18 
1018.
198 
1011.
64 -2.414 Front DC 2005 DC 
RDM-K18-
396 
          
2,205            3,150  5 K18 
1018.
18 
1011.
64 -2.455 Front DC 2005 DC 
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RDM-K18-
395 
          
1,898            2,600  5 K18 
1018.
239 
1011.
66 -2.501 Front DC 2005 DC 
RDM-F18-
1041 
            
210  
            300  
5 F18 
1018.
86 
1006.
63 -2.508 Terrace DC 2005 DC 
RDM-F18-
1042 
          
3,350  
          5,000  
5 F18 
1018.
85 
1006.
62 -2.47 Terrace DC 2005 DC 
RDM-F18-
1043 
            
176  
            320  
5 F18 
1018.
85 
1006.
63 -2.405 Terrace DC 2005 DC 
RDM-G18-
2533              59  
             90  
5 G18 
1018.
04 
1007.
08 -2.295 Terrace DC 2005 DC 
RDM-
M16-2107               2  
              5  
5 M16 
1016.
57 
1013.
13 -2.459 Front DC 2005 DC 
RDM-
M16-2105              16  
             25  
6 M16 
1016.
55 
1013.
17 -2.636 Front DC 2005 DC 
RDM-
M16-2106              91  
            190  
6 M16 
1016.
57 
1013.
18 -2.547 Front DC 2005 DC 
RDM-K18-
394 
         
17,710  
         
25,300  6 K18 
1018.
158 
1011.
67 -2.549 Front DC 2005 DC 
RDM-E18-
964 
         
41,501    
7 
E18 
1018.
243 
1005.
96 -2.594 Terrace EX 2006 KW 
PHYTO 6 
        
320,551  
        
557,258  7 F17 
1017.
94 
1006.
07 -2.559 Terrace KW 2015 KW 
RDM-F18-
3525 
         
55,604  
         
91,583  7 F18 
1018.
252 
1006.
94 -2.449 Terrace DC 2007 KW 
RDM-G18-
5178 
         
99,619  
        
180,145  7 G18 
1018.
464 
1007.
74 -2.426 Terrace DC 2007 KW 
RDM-G18-
5551 
        
612,909  
        
998,473  7 G18 
1018.
455 
1007.
36 -2.48 Terrace DC 2007 KW 
RDM-G18-
5971 
      
1,749,684  
      
2,654,238  7 G18 
1018.
462 
1007.
97 -2.497 Terrace DC 2007 KW 
RDM-H17-
2626 
      
1,038,753  
      
2,005,370  7 H17 
1017.
864 
1008.
3 -2.475 Dripline DC 2007 KW 
RDM-H17-
2627 
      
2,752,044  
      
4,448,867  7 H17 
1017.
744 
1008.
48 -2.45 Dripline DC 2007 KW 
RDM-H17-
2628 
        
980,940  
      
1,702,423  7 H17 
1017.
759 
1008.
39 -2.479 Dripline DC 2007 KW 
PHYTO 23 
      
3,072,446  
      
4,894,055  7 H17 
1017.
926 
1008.
24 -2.442 Dripline KW 2015 KW 
PHYTO 24 
      
3,267,238  
      
5,399,828  7 H17 
1017.
644 
1008.
25 -2.455 Dripline KW 2015 KW 
RDM-H18-
1967 
        
847,440  
      
1,619,272  7 H18 
1018.
525 
1008.
14 -2.423 Dripline EX 2006 KW 
PHYTO 32 
      
5,411,921  
      
7,387,375  7 I17 
1017.
478 
1009.
94 -2.487 Dripline KW 2015 KW 
PHYTO 33 
        
141,296  
        
289,917  7 I17 
1017.
49 
1009.
92 -2.401 Dripline KW 2015 KW 
RDM-PG-
401B 
        
379,864  
  
7 K17 
1018.
290 
1011.
483 
-2.6             
17 30 Front EX 2015 KW 
RDM-F18-
1037 
            
243  
            640  
7 F18 
1018.
89 
1006.
65 -2.639 Terrace DC 2005 DC 
RDM-F18-
1038              -   
             -   
7 F18 
1018.
87 
1006.
64 -2.593 Terrace DC 2005 DC 
RDM-
M16-2104              -   
             -   
7 M16 
1016.
55 
1013.
07 -2.751 Front DC 2005 DC 
RDM-K18-
391 
          
7,816  
         
10,150  7 K18 
1018.
16 
1011.
69 -2.626 Front DC 2005 DC 
RDM-K18-
393 
        
102,240  
        
144,000  7 K18 
1018.
26 
1011.
67 -2.564 Front DC 2005 DC 
RDM-K18-
392 
        
458,200  
        
580,000  7 K18 
1018.
105 
1011.
68 -2.57 Front DC 2005 DC 
PHYTO 5 
        
136,883  
        
225,432  8 F17 
1017.
942 
1006.
08 -2.624 Terrace KW 2015 KW 
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PHYTO 22 
      
1,254,525  
      
1,960,195  8 H17 
1017.
799 
1008.
25 -2.572 Dripline KW 2015 KW 
PHYTO 31 
      
1,626,479  
      
2,352,868  8 J17 
1017.
489 
1010.
12 -2.54 Dripline KW 2015 KW 
RDM-F18-
1039 
            
157  
            290  
8 F18 
1018.
86 
1006.
64 -2.568 Terrace DC 2005 DC 
RDM-F18-
1040              17  
             30  
8 F18 
1018.
86 
1006.
62 -2.537 Terrace DC 2005 DC 
RDM-H18-
2203 
        
843,360  
      
1,500,811  8 H18 
1018.
756 
1008.
28 -2.615 Dripline EX 2006 KW 
RDM-K18-
390 
          
6,175            9,500  8 K18 
1018.
148 
1011.
71 -2.686 Front DC 2005 DC 
PHYTO 3 
        
351,576  
        
679,671  9 E17 
1017.
962 
1005.
91 -2.831 Terrace KW 2015 KW 
PHYTO 4 
        
130,877  
        
270,249  9 E17 
1017.
934 
1005.
97 -2.723 Terrace KW 2015 KW 
PHYTO 9 
         
54,323  
         
93,729  9 E17 
1017.
935 
1005.
5 -2.835 Terrace KW 2015 KW 
RDM-E18-
1602 
        
166,260  
        
338,412  9 E18 
1018.
343 
1005.
71 -2.831 Terrace DC 2007 KW 
RDM-G18-
7015 
      
6,667,135  
     
15,592,493  9 G18 
1018.
399 
1007.
91 -2.677 Terrace DC 2007 KW 
PHYTO 21 
      
3,281,702  
      
7,417,644  9 H17 
1017.
975 
1008.
05 -2.648 Dripline KW 2015 KW 
RDM-H18-
3167 
      
1,218,203  
      
2,388,633  9 H18 
1018.
766 
1008.
97 -2.754 Dripline DC 2007 KW 
RDM-H18-
2431 
      
5,223,750  
     
10,660,713  9 H18 
1018.
779 
1008.
59 -2.684 Dripline EX 2006 KW 
RDM-I18-
1976 
      
3,113,407  
      
6,036,844  9 I18 
1018.
837 
1009.
1 -2.742 Dripline DC 2007 KW 
RDM-I18-
1992 
      
1,935,365  
      
4,060,631  9 I18 
1018.
8 
1009.
1 -2.774 Dripline DC 2007 KW 
RDM-I18-
1936 
      
1,897,245  
      
3,546,652  9 I18 
1018.
729 
1009.
14 -2.754 Dripline DC 2007 KW 
RDM-I18-
1942 
      
2,219,019  
      
4,470,024  9 I18 
1018.
693 
1009.
06 -2.761 Dripline DC 2007 KW 
PHYTO 30 
        
940,845  
      
1,863,526  9 J17 
1017.
492 
1010.
08 -2.664 Dripline KW 2015 KW 
RDM-J18-
6322 
      
1,808,682  
      
3,252,787  9 J18 
1018.
265 
1010.
37 -2.705 Dripline DC 2008 KW 
RDM-K17-
6072 
      
1,893,443  
      
3,783,463  9 K17 
1017.
905 
1011.
19 -2.75 Front DC 2008 KW 
RDM-K17-
6073 
      
1,364,905  
      
2,498,385  9 K17 
1017.
473 
1011.
01 -2.693 Front DC 2008 KW 
RDM-PG-
502 
         
30,128  
         
41,542  9 K18 
1018.
332 
1011.
429 -2.669 Front MM 2009 KW 
RDM-PG-
211 
        
467,525  
        
766,434  9 H18 
1018.
654 
1008.
042 -2.731 Dripline MM 2006 KW 
PHYTO 1 
        
459,479  
        
836,468  10 H17 
1017.
98 
1008.
22 -2.717 Dripline KW 2015 KW 
PHYTO 2 
      
1,785,324  
        
121,428  10 H17 
1017.
979 
1008.
23 -2.696 Dripline KW 2015 KW 
PHYTO 10 
         
68,548  
      
2,792,430  10 E17 
1017.
941 
1005.
48 -2.552 Terrace KW 2015 KW 
PHYTO 20 
      
1,186,472  
      
2,039,554  10 H17 
1017.
967 
1008.
14 -2.682 Dripline KW 2015 KW 
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APPENDIX B: ROC DE MARSAL CONTROL SAMPLES 
Note: the following materials represent the Online Resources provided with the article 
submitted to Archaeological and Anthropological Sciences titled “Neanderthal plant use 
and pyrotechnology: phytolith evidence from Roc de Marsal, France” coauthored by 
Kristen Wroth, Dan Cabanes, John M. Marston, Vera Aldeias, Dennis Sandgathe, Alain 
Turq, Paul Goldberg, and Harold Dibble. 
 
Exterior Control Samples from Roc de Marsal 
Sample Location Micromorphological 
description 
Phytolith description 
PG-208 Plateau Tree throw ca. 2-3 m in diameter. 
Lower part (ca. 50 cm below 
surface) is bright red clayey sand 
and angular flint chunks (un 
worked). Possible clay coatings; 
argile à silex. 
Phytoliths/gram: 39,059 
 
Very clean. A few pieces of clay, a little 
quartz. The few phytoliths seen are very 
weathered and pitted and could not be 
identified  
PG-209 Plateau Tree throw. At 15 cm bs is 
powdery pale grey silt (loess?) 
also with stones. Calcareous.  
Phytoliths/g: 956,334 
%Monocot: 69 
%Dicot: 31 
%Weathered: 3% 
%Festucoid of SC: 96 
 
Very clean otherwise, just phytoliths and 
a few quartz or clay grains and rootlets. 
More variety of types of phytos than 
interior samples, especially in the 
monocot phytos.  
PG-513 Next to 
gate 
entrance of 
cave 
Loose, calcareous sand, = sample 
-205 of 2006. 
Phytoliths/g: 20,063 
Many quartz grains and >20 pollen 
grains (mostly pine). >10 rounded and 
fusiform diatoms. Very few phytoliths 
(<5): very irregular or weathered 
PG-515 Plateau Tan silty loess. Same tree throw 
as sample -209  
Phytoliths/gram: 508,811 
Rondels, irregular rugulates, a few 
weathered, broken parallelipipeds  
KW-
Ext-1 
Terrace Modern soil collected from under 
leaf litter just outside the cave 
1 irregular, some pine pollen and 
modern rootlets 
KW-
Ext-2 
Plateau Modern soil collected from above 
the cave, near “parking area” 
Some pollen and modern rootlets. 
 186 
 
KW-
Ext-3 
Plateau Modern soil collected near the 
start of the road turn off to the 
site 
Some pollen and 3 rounded diatoms.  
 
 
Interior Control Samples from Roc de Marsal 
Sample GS X Y Zlow Micromorphological field 
description 
Phytolith 
description 
PG-02A J21 1021.900 1010.400 -1.267 Layer 5/6(?). Hard, crumbly, 
massive, gritty sandy silt with 
many earthworm burrows with 
dark fillings from overlying 
humic-rich silts. Mm to cm size 
roots. Above this grades to 
much more heavily worm-
worked organic clayey/silt. 
Some local stones, some bone 
and local rhizoliths. Middle part 
of sample possibly more clayey 
and darker yellow brown than 
upper part 
Phytoliths/g: 
47,021 Mostly 
irregular 
rugulates and 
psilates, and a 
few rondels. 
Very mixed 
sample with 
roots, quartz, 
clay 
 
PG-03A J21 1022.100 1010.500 -1.400 Layer 5(?). Loose sample 
collected from middle, hard 
crumbly silty part with many 
burrows. Upper part is similar to 
RDM-2 with some bone and sub 
round éboulis (~2-6 mm). 
Lower part seems darker yellow 
brown and a bit more clayey. 
Some cm-size wasp holes and 
mm size roots. Some bones, 
possibly rotten 
carbonate/hypocoatings. 
Laterally appears to be chalky 
phosphate, either taranakite or a 
coprolite of hyaena or another 
carnivore. 
Phytoliths/g: 
41,801 
Very similar to 
the other J21 
sample. Many 
irregulars, a 
few elongates, 
a few rondels. 
Mostly other 
material 
including roots, 
quartz, and 
clay 
PG-113 L18 1018.331 1012.966 -2.963 Small chunk of compact dark 
reddish sandy clay. Seems to be 
remains of karstic filling 
voids/cavities developed in 
bedrock and that pre-date 
occupation. Pieces of similar 
material are found within the 
fosse. This suggests that the 
fosse may have been originally 
been a solution cavity filled with 
A few 
clay/quartz 
aggregates that 
may also have 
some siliceous 
material. A few 
modern 
rootlets. A few 
things look 
kind of like 
irregulars, but 
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clay that later may been 
enlarged by Neanderthals.  
they are a bit 
iffy.  
PG-202 N17 1017.071 1014.315 -1.897 Yellowish white limestone roof 
fall overlying yellow sand of 
sample –201. 
 
Phytoliths/g: 
28,522 
2 weathered, 2 
irregular 
rugulates 
 
PG-303 Q20 1020.060 
 
1017.452 
 
-0.871 
 
From NE corner. Crumbly, 
bright yellow brown sandy silt. 
Much carbonate clasts/granules 
that are rounded 
(cryoturbation?). Traces of 
mica, possibly some bone. 
Coarser (fist-size) éboulis is 
subangular to subrounded. 
Unlike -302, it is not cemented. 
Block and loose. Seems to be 
equivalent to uppermost layer 
on W profile along 17 line. 
Phytoliths/g: 
66,717 
Mostly 
irregular 
rugulates, 1 
blocky 
rugulate, 1 
elongate 
rugulate, 1 
tracheid 
 
PG-
314A 
L25 1025.431 1012.212 -1.051 Large block that cuts across 
upper 3 units. Loose samples 
collected from each unit with 
other samples for phytoliths. 
Many insect tubules and 
burrows. 
Phytoliths/g: 
20,276 
1 elongate 
rugulate, 1 
long cell 
verrucate. 
Otherwise very 
clean, a few 
rootlets, a few 
pieces of 
weathered 
quartz 
 
PG-
314B 
L25 1025.431 1012.212 -1.051 Same as above Phytoliths/g: 
28,423 
3 irregular 
rugulates, 1 
weathered, 
same 
description as 
314-1 
 
PG-
315A 
L25 1025.477 1012.083 -1.188 Middle and lower part but not 
basal red clay above bedrock. 
Mostly red silty sand and more 
compact cemented gravelly silty 
sand. Phytolith sample from 
only upper ½ of sample. 
Phytoliths/g: 
31,006 
5 irregular 
rugulates, 1 
rondel. Many 
modern 
rootlets and a 
small amount 
of clay.  
 188 
 
PG-
316A 
L25 1025.517 1012.015 -1.244 Gravelly silty sand, then clay 
layer and possibly bedrock. 
Sample -316 bis is similar but 
has slight bit of red between 
sediment and weathered 
bedrock. 
Phytoliths/g: 
9,531 
Very clean 
overall, a few 
clay and quartz 
grains. Two 
irregular 
rugulates  
PG-405 N17 1017.557 1014.499 -2.791 Piece of weathered limestone 
red clay form within cracks of 
blocks. Looks like lessived clay 
that percolated from above. 
FTIR+TS of small block. This 
differs from sandy clay that is 
plastered along and at base of 
bedrock and in bedrock cavities 
Phytoliths/g: 
27,015 
 
5 irregular 
rugulates, 1 
spheroid 
rugulate, 1 
discoid 
rugulate.  
 
017-404 O17 1017.11 1015.136  From large rabbit (?) burrow in 
back part of site 
Phytoliths/g: 
73,567 
 
Mostly 
weathered and 
irregular 
rugulates, 1 
rondel. Quite a 
few “siliceous 
aggregates” but 
also a lot of 
clay/quartz 
aggregates. 
Maybe related 
to how the 
burrow was 
formed?? 
Many modern 
rootlets.  
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APPENDIX C: ROC DE MARSAL PHYTOLITH MORPHOTYPES 
 
Note: the following materials represent the Online Resources provided with the article 
submitted to Archaeological and Anthropological Sciences titled “Neanderthal plant use 
and pyrotechnology: phytolith evidence from Roc de Marsal, France” coauthored by 
Kristen Wroth, Dan Cabanes, John M. Marston, Vera Aldeias, Dennis Sandgathe, Alain 
Turq, Paul Goldberg, and Harold Dibble. 
 
Phytolith identification by morphotype. * indicates samples where it was not possible to 
reach 200 identifiable phytoliths, and ** indicates samples where additional slides were 
made in order to recover more identifiable phytoliths. Microcharcoal was divided into six 
categories: none, rare (<5), sparse (<10), some (<20), many (50-100), and frequent (> 
100). 
Layer 10 10 10 10 9 
Sample no  PHYTO 1 PHYTO 2 PHYTO 10* 
PHYTO 
20** PHYTO 3* 
Dicot hair 3 1 1 2   
Unciform hair         
Hair base 1        
Mc Polyhedral         
Jigsaw puzzle  1       
Tracheid (cylindric 
sulcate) 
          
Discoid echinate         
Discoid rugulate         
Discoid psilate         
Ellipsoid echinate         
 Ellipsoid psilate         
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Ellipsoid rugulate         
Irregular psilate 15 12 7 10 2 
Irregular rugulate 83 34 7 37 4 
Irregular verrucate         
Parallelepiped blocky 
psilate 
 1   1   
Parallelepiped blocky 
rugulate 
  1 2   
Parallelepiped thin psilate 1 3 1     
Parallelepiped thin 
rugulate 
1    1   
Platelet  2       
Spheroid psilate   1     
Spheroid rugulate   1 1     
Cylindroid echinate         
Cylindroid psilate 2        
Cylindroid rugulate  2       
Cylindroid sinuous         
Cylindroid laminate         
Long cell corniculate         
Long cell polylobate  3   1   
Long cell sinuous   1     
Long cell wavy   1     
Bulliform cell cuneiform 2   2 1 2 
Bulliform cell 
parallelipedal 
1 1 1     
Parallelepiped elongate 
psilate 
18 15 4 14 3 
Parallelepiped elongate 
rugulate 
16 10 3 8 1 
Parallelepiped elongate 
psilate mesophyll 
  8     
Prickle  7 10 5 1 1 
Stomata            
Hair         
Long cell dendritic         
Long cell echinate  1 4   1 
Long cell verrucate         
Papillae 2 2 1     
Short cell bilobate 19 26   14 1 
Short cell polylobate 1 5 1     
Short cell saddle         
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Short cell cross shaped         
Short cells rondel 39 86 4 25 1 
Short cell rondel tower         
Short cell trapeziform 3        
Crenate           
Cyperaceae (Sedges)         
Spheroid echinate (Palm)           
Weathered 2 6 5 9   
Melted 2 4       
Fragment 12 23 8 11 6 
Fusiform diatom         
Rounded diatom       1 
Sponge spicule   2       
Microcharcoal Scarce Some Rare Scarce Rare 
Total Identifiable 218 226 59 126 16 
        
Sample PHYTO 1 PHYTO 2 PHYTO 10 PHYTO 20 PHYTO 3 
% Monocot 50 71 59 51 63 
% Dicot 48 24 32 42 38 
% Weathered 1 3 8 7 0 
% Melted 1 2 0 0 0 
        
% Wood/Bark of total 46 23 31 40 38 
% Dicot leaves of total 2 1 2 2 0 
%w/b of dicot 96 96 95 96 100 
%leaves of dicot 4 4 5 4 0 
%general of total 1 2 3 1 0 
%GSC of total 28 52 8 31 13 
% Monocot Inflorescence 
of total 1 1 8 0 6 
% Monocot leaves/stems 
of total 20 16 39 19 44 
%general of monocot 2 3 6 2 0 
%GSC of monocot 56 73 14 61 20 
% Monocot Inflorescence 
of monocot 2 2 14 0 10 
% Monocot leaves/stems 
of monocot 40 22 66 38 70 
Total Short Cells 62 117 5 39 2 
%Festucoid of SC 68 74 80 64 50 
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%Panicoid of SC 32 26 20 36 50 
 
Layer 9 9 9 9 9 
Sample no  PHYTO 4* PHYTO 9 PHYTO 21 PHYTO 30 E18-1602* 
Dicot hair   1  2   
Unciform hair        
Hair base        
Mc Polyhedral        
Jigsaw puzzle        
Tracheid (cylindric 
sulcate)   
        
Discoid echinate        
Discoid rugulate        
Discoid psilate        
Ellipsoid echinate        
 Ellipsoid psilate        
Ellipsoid rugulate        
Irregular psilate 3 2 6 8 2 
Irregular rugulate 4 26 22 17 14 
Irregular verrucate        
Parallelepiped blocky 
psilate   
 2 2 2 
Parallelepiped blocky 
rugulate   
 1 3 5 
Parallelepiped thin 
psilate   
1 1 1 2 
Parallelepiped thin 
rugulate   
 1 1   
Platelet    1 3 1 
Spheroid psilate 1 2  1   
Spheroid rugulate 1 2       
Cylindroid echinate        
Cylindroid psilate    1 2 4 
Cylindroid rugulate   1 1 3 1 
Cylindroid sinuous        
Cylindroid laminate        
Long cell corniculate        
Long cell polylobate    3 8   
Long cell sinuous     1   
Long cell wavy     1   
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Bulliform cell 
cuneiform 3 
1 3 4 1 
Bulliform cell 
parallelipedal 1 
1 1 1   
Parallelepiped elongate 
psilate 3 
1 36 32 3 
Parallelepiped elongate 
rugulate 1 
9 40 38 4 
Parallelepiped elongate 
psilate mesophyll   
     
Prickle  1 1 15 11 2 
Stomata            
Hair        
Long cell dendritic        
Long cell echinate    1 1 3 
Long cell verrucate        
Papillae           
Short cell bilobate 1  60 33   
Short cell polylobate    2    
Short cell saddle        
Short cell cross shaped        
Short cells rondel   4 85 44   
Short cell rondel tower        
Short cell trapeziform   1     
Crenate           
Cyperaceae (Sedges)        
Spheroid echinate 
(Palm)   
        
Weathered 5  2 7   
Melted     6 5 
Fragment 7 13 17 15 12 
Fusiform diatom        
Rounded diatom   1 2    
Sponge spicule      3   
Microcharcoal Scarce Scarce Many Frequent Scarce 
Total Identifiable 24 53 284 230 49 
       
Sample PHYTO 4 PHYTO 9 PHYTO 21 PHYTO 30 E18-1602 
% Monocot 42 36 87 78 37 
% Dicot 38 64 12 17 53 
% Weathered 21 0 1 3 0 
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% Melted 0 0 0 3 10 
       
% Wood/Bark of total 38 62 12 16 53 
% Dicot leaves of total 0 2 0 1 0 
%w/b of dicot 100 97 100 95 100 
%leaves of dicot 0 3 0 5 0 
%general of total 0 2 2 7 10 
%GSC of total 4 9 52 33 0 
% Monocot 
Inflorescence of total 0 0 0 0 6 
% Monocot 
leaves/stems of total 38 25 33 37 20 
%general of monocot 0 5 2 8 28 
%GSC of monocot 10 26 59 43 0 
% Monocot 
Inflorescence of 
monocot 0 0 0 1 17 
% Monocot 
leaves/stems of 
monocot 90 68 38 48 56 
Total Short Cells 1 5 147 77 0 
%Festucoid of SC 0 100 58 57 0 
%Panicoid of SC 100 0 42 43 0 
 
Layer 9 9 9 9 9 
Sample no  G18-7015 H18-2431 H18-3167 I18-1936 I18-1942 
Dicot hair 4 1    
Unciform hair      
Hair base      
Mc Polyhedral      
Jigsaw puzzle   4   
Tracheid (cylindric 
sulcate) 
    1     
Discoid echinate      
Discoid rugulate      
Discoid psilate      
Ellipsoid echinate      
 Ellipsoid psilate   1 2  
Ellipsoid rugulate    1  
Irregular psilate 4 6 21 24 21 
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Irregular rugulate 13 12 65 41 42 
Irregular verrucate   1   
Parallelepiped blocky 
psilate 
4 2 1   
Parallelepiped blocky 
rugulate 
1  1   
Parallelepiped thin 
psilate 
 1 3 12  
Parallelepiped thin 
rugulate 
     
Platelet 1  3   
Spheroid psilate   1  2 
Spheroid rugulate   2 4 1 1 
Cylindroid echinate      
Cylindroid psilate 2 4 1  1 
Cylindroid rugulate    1  
Cylindroid sinuous     1 
Cylindroid laminate      
Long cell corniculate      
Long cell polylobate 2 1 2 4 5 
Long cell sinuous  24    
Long cell wavy   1   
Bulliform cell 
cuneiform 
  1 1 1 1 
Bulliform cell 
parallelipedal 
 1 1 3 3 
Parallelepiped elongate 
psilate 
61 40 39 30 37 
Parallelepiped elongate 
rugulate 
4 11 14 10 21 
Parallelepiped elongate 
psilate mesophyll 
3     
Prickle  5 3 3 6 4 
Stomata        1   
Hair    3  
Long cell dendritic      
Long cell echinate 5 2 4 2 1 
Long cell verrucate      
Papillae 2     3   
Short cell bilobate 41 50 23 37 25 
Short cell polylobate 8 7 5 2 3 
Short cell saddle      
Short cell cross shaped 1     
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Short cells rondel 57 63 45 54 62 
Short cell rondel tower      
Short cell trapeziform 1 2 1   
Crenate           
Cyperaceae (Sedges)    11  
Spheroid echinate 
(Palm) 
          
Weathered 11 7 2 2 6 
Melted 1 1 4 4 10 
Fragment 9 10 24 13 35 
Fusiform diatom      
Rounded diatom 1     
Sponge spicule  2 1   1 
Microcharcoal Frequent Many Many Many Frequent 
Total Identifiable 231 241 252 255 246 
       
Sample G18-7015 H18-2431 H18-3167 I18-1936 I18-1942 
% Monocot 83 87 56 66 67 
% Dicot 12 10 42 32 27 
% Weathered 5 3 1 1 2 
% Melted 0 0 2 2 4 
       
% Wood/Bark of total 10 10 40 32 27 
% Dicot leaves of total 2 0 2 0 0 
%w/b of dicot 85 96 95 100 100 
%leaves of dicot 15 4 5 0 0 
%general of total 2 12 2 2 3 
%GSC of total 47 51 29 36 37 
% Monocot 
Inflorescence of total 3 1 2 3 0 
% Monocot 
leaves/stems of total 32 23 23 20 27 
%general of monocot 2 14 3 3 4 
%GSC of monocot 56 58 53 59 55 
% Monocot 
Inflorescence of 
monocot 4 1 3 5 1 
% Monocot 
leaves/stems of 
monocot 38 27 41 32 40 
Total Short Cells 108 122 74 93 90 
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%Festucoid of SC 54 53 62 58 69 
%Panicoid of SC 46 47 38 42 31 
 
Layer 9 9 9 9 9 
Sample no  I18-1976 I18-1992 J18-6322 K17-6072 K17-6073 
Dicot hair  2 2 1   
Unciform hair       
Hair base       
Mc Polyhedral       
Jigsaw puzzle       
Tracheid (cylindric 
sulcate) 
        1 
Discoid echinate       
Discoid rugulate       
Discoid psilate 1   1   
Ellipsoid echinate       
 Ellipsoid psilate 1      
Ellipsoid rugulate       
Irregular psilate 6 3 19 4 12 
Irregular rugulate 47 42 22 20 21 
Irregular verrucate   1 1   
Parallelepiped blocky 
psilate 
3 1  1   
Parallelepiped blocky 
rugulate 
2   1   
Parallelepiped thin 
psilate 
    1 
Parallelepiped thin 
rugulate 
      
Platelet 2 3 3 2 4 
Spheroid psilate 1      
Spheroid rugulate 3       1 
Cylindroid echinate       
Cylindroid psilate   2 4 11 
Cylindroid rugulate   2  1 
Cylindroid sinuous       
Cylindroid laminate       
Long cell corniculate       
Long cell polylobate 3 1  2 4 
Long cell sinuous 2      
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Long cell wavy       
Bulliform cell cuneiform 1   4 2   
Bulliform cell 
parallelipedal 
2  2 1 2 
Parallelepiped elongate 
psilate 
56 48 22 38 21 
Parallelepiped elongate 
rugulate 
14 19 20 12 11 
Parallelepiped elongate 
psilate mesophyll 
   1   
Prickle  8 5 10 1 6 
Stomata            
Hair       
Long cell dendritic       
Long cell echinate 2  2  4 
Long cell verrucate       
Papillae 6     1   
Short cell bilobate 27 28 33 52 38 
Short cell polylobate 5 1 5 7 9 
Short cell saddle    1   
Short cell cross shaped       
Short cells rondel 27 53 79 93 72 
Short cell rondel tower       
Short cell trapeziform 2 3 3 5 9 
Crenate 1     1   
Cyperaceae (Sedges)       
Spheroid echinate 
(Palm) 
          
Weathered 8  5 3 4 
Melted       
Fragment 15 11 8 14 7 
Fusiform diatom 28   1   
Rounded diatom       
Sponge spicule      1 
Microcharcoal Many Some Frequent Many Many 
Total Identifiable 230 209 236 255 232 
        
Sample I18-1976 I18-1992 J18-6322 K17-6072 K17-6073 
% Monocot 68 76 78 87 81 
% Dicot 29 24 20 12 17 
% Weathered 3 0 2 1 2 
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% Melted 0 0 0 0 0 
        
% Wood/Bark of total 29 23 19 12 17 
% Dicot leaves of total 0 1 1 0 0 
%w/b of dicot 100 96 96 97 98 
%leaves of dicot 0 4 4 3 3 
%general of total 2 0 2 2 7 
%GSC of total 27 41 51 62 55 
% Monocot 
Inflorescence of total 3 0 1 0 2 
% Monocot leaves/stems 
of total 35 34 25 22 17 
%general of monocot 3 1 2 3 9 
%GSC of monocot 40 54 65 72 68 
% Monocot 
Inflorescence of 
monocot 5 0 1 0 2 
% Monocot leaves/stems 
of monocot 52 46 32 25 21 
Total Short Cells 62 85 120 159 128 
%Festucoid of SC 48 66 68 62 63 
%Panicoid of SC 52 34 32 37 37 
 
Layer 8 8 8 8 7 
Sample no  PHYTO 5* PHYTO 22 PHYTO 31 H18-2203 PHYTO 6* 
Dicot hair       1 
Unciform hair         
Hair base         
Mc Polyhedral       13 
Jigsaw puzzle   3 3     
Tracheid (cylindric 
sulcate)   
1     1 
Discoid echinate         
Discoid rugulate         
Discoid psilate         
Ellipsoid echinate         
 Ellipsoid psilate     1   
Ellipsoid rugulate         
Irregular psilate 2 8 8 12 1 
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Irregular rugulate 4 63 54 30 33 
Irregular verrucate       1 
Parallelepiped blocky 
psilate   
4 3 1 1 
Parallelepiped blocky 
rugulate   
 2   1 
Parallelepiped thin 
psilate   
 4 1 1 
Parallelepiped thin 
rugulate   
 2     
Platelet    3 3 2 
Spheroid psilate 1  1     
Spheroid rugulate 1 2 1   2 
Cylindroid echinate         
Cylindroid psilate     1   
Cylindroid rugulate   3 2 1   
Cylindroid sinuous         
Cylindroid laminate         
Long cell corniculate         
Long cell polylobate   1      
Long cell sinuous     1   
Long cell wavy   2 1     
Bulliform cell cuneiform   2 1 2   
Bulliform cell 
parallelipedal   
1  4   
Parallelepiped elongate 
psilate   
18 15 18 7 
Parallelepiped elongate 
rugulate   
19 11 12 3 
Parallelepiped elongate 
psilate mesophyll   
      
Prickle  2 4 4 8 5 
Stomata            
Hair         
Long cell dendritic         
Long cell echinate     6 2 
Long cell verrucate         
Papillae 1   1     
Short cell bilobate 1 9 5 30 2 
Short cell polylobate     4 1 
Short cell saddle         
Short cell cross shaped         
 201 
 
Short cells rondel 1 78 105 66 8 
Short cell rondel tower         
Short cell trapeziform     4   
Crenate           
Cyperaceae (Sedges)         
Spheroid echinate 
(Palm)   
  2     
Weathered 1 12 6 11 8 
Melted       1 
Fragment 16 66 41 47 13 
Fusiform diatom       1 
Rounded diatom    1     
Sponge spicule    2  1   
Microcharcoal Some  Some Scarce Frequent Some 
Total Identifiable 14 230 234 216 94 
        
Sample PHYTO 5 PHYTO 22 PHYTO 31 H18-2203 PHYTO 6 
% Monocot 36 60 63 73 30 
% Dicot 57 35 35 22 61 
% Weathered 7 5 3 5 9 
% Melted 0 0 0 0 1 
        
% Wood/Bark of total 57 33 33 22 45 
% Dicot leaves of total 0 2 1 0 16 
%w/b of dicot 100 95 96 100 74 
%leaves of dicot 0 5 4 0 26 
%general of total 0 3 1 1 0 
%GSC of total 14 38 47 48 12 
% Monocot 
Inflorescence of total 7 0 0 3 2 
% Monocot leaves/stems 
of total 14 19 13 20 16 
%general of monocot 0 4 2 2 0 
%GSC of monocot 40 64 76 66 39 
% Monocot 
Inflorescence of 
monocot 20 0 1 4 7 
% Monocot leaves/stems 
of monocot 40 32 21 28 54 
Total Short Cells 2 87 110 104 11 
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%Festucoid of SC 50 90 95 67 73 
%Panicoid of SC 50 10 5 33 27 
 
Layer 8 8 8 8 7 
Sample no  PHYTO 5* PHYTO 22 PHYTO 31 H18-2203 PHYTO 6* 
Dicot hair       1 
Unciform hair         
Hair base         
Mc Polyhedral       13 
Jigsaw puzzle   3 3     
Tracheid (cylindric 
sulcate)   
1     1 
Discoid echinate         
Discoid rugulate         
Discoid psilate         
Ellipsoid echinate         
 Ellipsoid psilate     1   
Ellipsoid rugulate         
Irregular psilate 2 8 8 12 1 
Irregular rugulate 4 63 54 30 33 
Irregular verrucate       1 
Parallelepiped blocky 
psilate   
4 3 1 1 
Parallelepiped blocky 
rugulate   
 2   1 
Parallelepiped thin 
psilate   
 4 1 1 
Parallelepiped thin 
rugulate   
 2     
Platelet    3 3 2 
Spheroid psilate 1  1     
Spheroid rugulate 1 2 1   2 
Cylindroid echinate         
Cylindroid psilate     1   
Cylindroid rugulate   3 2 1   
Cylindroid sinuous         
Cylindroid laminate         
Long cell corniculate         
Long cell polylobate   1      
Long cell sinuous     1   
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Long cell wavy   2 1     
Bulliform cell cuneiform   2 1 2   
Bulliform cell 
parallelipedal   
1  4   
Parallelepiped elongate 
psilate   
18 15 18 7 
Parallelepiped elongate 
rugulate   
19 11 12 3 
Parallelepiped elongate 
psilate mesophyll   
      
Prickle  2 4 4 8 5 
Stomata            
Hair         
Long cell dendritic         
Long cell echinate     6 2 
Long cell verrucate         
Papillae 1   1     
Short cell bilobate 1 9 5 30 2 
Short cell polylobate     4 1 
Short cell saddle         
Short cell cross shaped         
Short cells rondel 1 78 105 66 8 
Short cell rondel tower         
Short cell trapeziform     4   
Crenate           
Cyperaceae (Sedges)         
Spheroid echinate 
(Palm)   
  2     
Weathered 1 12 6 11 8 
Melted       1 
Fragment 16 66 41 47 13 
Fusiform diatom       1 
Rounded diatom    1     
Sponge spicule    2  1   
Microcharcoal Some  Some Scarce Frequent Some 
Total Identifiable 14 230 234 216 94 
        
Sample PHYTO 5 PHYTO 22 PHYTO 31 H18-2203 PHYTO 6 
% Monocot 36 60 63 73 30 
% Dicot 57 35 35 22 61 
% Weathered 7 5 3 5 9 
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% Melted 0 0 0 0 1 
        
% Wood/Bark of total 57 33 33 22 45 
% Dicot leaves of total 0 2 1 0 16 
%w/b of dicot 100 95 96 100 74 
%leaves of dicot 0 5 4 0 26 
%general of total 0 3 1 1 0 
%GSC of total 14 38 47 48 12 
% Monocot 
Inflorescence of total 7 0 0 3 2 
% Monocot leaves/stems 
of total 14 19 13 20 16 
%general of monocot 0 4 2 2 0 
%GSC of monocot 40 64 76 66 39 
% Monocot 
Inflorescence of 
monocot 20 0 1 4 7 
% Monocot leaves/stems 
of monocot 40 32 21 28 54 
Total Short Cells 2 87 110 104 11 
%Festucoid of SC 50 90 95 67 73 
%Panicoid of SC 50 10 5 33 27 
 
Layer 7 7 7 7 7 
Sample no  PHYTO 23 PHYTO 24 PHYTO 32 G18-5178* G18-5971 
Dicot hair   2    
Unciform hair       
Hair base       
Mc Polyhedral       
Jigsaw puzzle 1      
Tracheid (cylindric 
sulcate) 
          
Discoid echinate       
Discoid rugulate       
Discoid psilate       
Ellipsoid echinate       
 Ellipsoid psilate       
Ellipsoid rugulate       
Irregular psilate 3 1 15   37 
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Irregular rugulate 10 11 6 10 20 
Irregular verrucate       
Parallelepiped blocky 
psilate 
 1 4   1 
Parallelepiped blocky 
rugulate 
 4 1 3  
Parallelepiped thin 
psilate 
5     1 
Parallelepiped thin 
rugulate 
1      
Platelet      2 
Spheroid psilate       
Spheroid rugulate         1 
Cylindroid echinate       
Cylindroid psilate 2     1 
Cylindroid rugulate 3      
Cylindroid sinuous 1      
Cylindroid laminate       
Long cell corniculate       
Long cell polylobate 2 7 2    
Long cell sinuous       
Long cell wavy       
Bulliform cell cuneiform 2 2 2 1   
Bulliform cell 
parallelipedal 
1  2   1 
Parallelepiped elongate 
psilate 
25 18 64 4 34 
Parallelepiped elongate 
rugulate 
14 27 29 5 22 
Parallelepiped elongate 
psilate mesophyll 
      
Prickle  12 11 8 6 7 
Stomata            
Hair  4     
Long cell dendritic       
Long cell echinate 1 2 2   1 
Long cell verrucate       
Papillae 1 2 2     
Short cell bilobate 26 24 5 2 11 
Short cell polylobate 2 4 1    
Short cell saddle       
Short cell cross shaped       
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Short cells rondel 115 65 114 7 75 
Short cell rondel tower 1      
Short cell trapeziform       
Crenate           
Cyperaceae (Sedges)       
Spheroid echinate 
(Palm) 
          
Weathered 4 12  4 13 
Melted 2 6    1 
Fragment 19 20 22 9 17 
Fusiform diatom       
Rounded diatom       
Sponge spicule  2 1     
Microcharcoal Frequent Some Many Some Many 
Total Identifiable 234 201 259 42 228 
       
Sample PHYTO 23 PHYTO 24 PHYTO 32 G18-5178 G18-5971 
% Monocot 89 83 89 60 67 
% Dicot 9 8 11 31 27 
% Weathered 2 6 0 10 6 
% Melted 1 3 0 0 0 
       
% Wood/Bark of total 8 8 10 31 27 
% Dicot leaves of total 0 0 1 0 0 
%w/b of dicot 95 100 93 100 100 
%leaves of dicot 5 0 7 0 0 
%general of total 3 3 1 0 0 
%GSC of total 62 46 46 21 38 
% Monocot 
Inflorescence of total 1 4 2 0 0 
% Monocot leaves/stems 
of total 23 29 41 38 28 
%general of monocot 4 4 1 0 1 
%GSC of monocot 69 56 52 36 57 
% Monocot 
Inflorescence of 
monocot 1 5 2 0 1 
% Monocot leaves/stems 
of monocot 26 35 45 64 42 
Total Short Cells 144 93 120 9 86 
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%Festucoid of SC 81 70 95 78 87 
%Panicoid of SC 19 30 5 22 13 
 
Layer 7 7 7 7 5 
Sample no  H17-2626 H17-2627 H17-2628 H18-1967 
PHYTO 
25** 
Dicot hair        
Unciform hair        
Hair base        
Mc Polyhedral        
Jigsaw puzzle        
Tracheid (cylindric 
sulcate) 
          
Discoid echinate        
Discoid rugulate        
Discoid psilate      1 
Ellipsoid echinate        
 Ellipsoid psilate   1     
Ellipsoid rugulate    2   
Irregular psilate 14 11 12 45 10 
Irregular rugulate 30 12 39 26 22 
Irregular verrucate        
Parallelepiped blocky 
psilate 
3 3  1 1 
Parallelepiped blocky 
rugulate 
1 4 2 3 2 
Parallelepiped thin 
psilate 
 7  5   
Parallelepiped thin 
rugulate 
   2 1 
Platelet 1 3 2 1   
Spheroid psilate        
Spheroid rugulate 1     2   
Cylindroid echinate        
Cylindroid psilate 2 4 10     
Cylindroid rugulate 1       
Cylindroid sinuous  2    1 
Cylindroid laminate        
Long cell corniculate        
Long cell polylobate 1       
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Long cell sinuous        
Long cell wavy      1 
Bulliform cell cuneiform   5 1   5 
Bulliform cell 
parallelipedal 
1     3 
Parallelepiped elongate 
psilate 
28 57 31 25 7 
Parallelepiped elongate 
rugulate 
20 38 13 25 3 
Parallelepiped elongate 
psilate mesophyll 
       
Prickle  5 11 9 11 7 
Stomata            
Hair    2   
Long cell dendritic        
Long cell echinate 3 3 1 1   
Long cell verrucate        
Papillae           
Short cell bilobate 8 9 8 13   
Short cell polylobate 3 3 2 2   
Short cell saddle        
Short cell cross shaped        
Short cells rondel 78 25 73 50 22 
Short cell rondel tower        
Short cell trapeziform   3     
Crenate           
Cyperaceae (Sedges)        
Spheroid echinate 
(Palm) 
          
Weathered 6 40 9   18 
Melted    14   
Fragment 27 24 21 14 16 
Fusiform diatom        
Rounded diatom        
Sponge spicule         
Microcharcoal Frequent Many Some Frequent Some 
Total Identifiable 206 237 216 230 104 
        
Sample H17-2626 H17-2627 H17-2628 H18-1967 PHYTO 25 
% Monocot 73 66 70 56 47 
% Dicot 24 17 26 38 36 
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% Weathered 3 17 4 0 17 
% Melted 0 0 0 6 0 
        
% Wood/Bark of total 24 17 26 38 36 
% Dicot leaves of total 0 0 0 0 0 
%w/b of dicot 100 100 100 100 100 
%leaves of dicot 0 0 0 0 0 
%general of total 2 3 5 0 2 
%GSC of total 43 16 40 28 21 
% Monocot 
Inflorescence of total 1 1 0 1 0 
% Monocot leaves/stems 
of total 26 47 25 27 24 
%general of monocot 3 4 7 0 4 
%GSC of monocot 59 24 57 50 45 
% Monocot 
Inflorescence of 
monocot 2 2 1 2 0 
% Monocot leaves/stems 
of monocot 36 71 36 47 51 
Total Short Cells 89 37 86 65 22 
%Festucoid of SC 88 68 88 77 100 
%Panicoid of SC 12 32 12 23 0 
 
Layer 5 5 5 5 4 
Sample no  G18-2659* G18-2738** K18-4786* H18-1905** PHYTO 7** 
Dicot hair   1   1 1 
Unciform hair           
Hair base           
Mc Polyhedral   3     17 
Jigsaw puzzle           
Tracheid (cylindric 
sulcate) 
        
  
Discoid echinate           
Discoid rugulate   1   1   
Discoid psilate           
Ellipsoid echinate           
 Ellipsoid psilate           
Ellipsoid rugulate   1       
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Irregular psilate 3 20 3 16 10 
Irregular rugulate 7 51 2 20 12 
Irregular verrucate           
Parallelepiped blocky 
psilate 
        
  
Parallelepiped blocky 
rugulate 
  2   1 
  
Parallelepiped thin 
psilate 
  1     
2 
Parallelepiped thin 
rugulate 
  1     
  
Platelet 1         
Spheroid psilate           
Spheroid rugulate           
Cylindroid echinate           
Cylindroid psilate   2   1   
Cylindroid rugulate       1   
Cylindroid sinuous           
Cylindroid laminate           
Long cell corniculate           
Long cell polylobate       1   
Long cell sinuous   4       
Long cell wavy           
Bulliform cell cuneiform 1 2   3   
Bulliform cell 
parallelipedal 
  2   2 
  
Parallelepiped elongate 
psilate 
2 35 1 18 
6 
Parallelepiped elongate 
rugulate 
2 22 1 9 
3 
Parallelepiped elongate 
psilate mesophyll 
        
  
Prickle    4   3 2 
Stomata            
Hair           
Long cell dendritic           
Long cell echinate   2       
Long cell verrucate           
Papillae           
Short cell bilobate   1       
Short cell polylobate           
Short cell saddle           
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Short cell cross shaped           
Short cells rondel   25 1 12 15 
Short cell rondel tower           
Short cell trapeziform           
Crenate           
Cyperaceae (Sedges)           
Spheroid echinate 
(Palm) 
        
  
Weathered 4 22   16 13 
Melted           
Fragment 12 16 8 7 28 
Fusiform diatom           
Rounded diatom           
Sponge spicule    1       
Microcharcoal Scarce Some Rare Rare Rare 
Total Identifiable 20 202 8 105 81 
        
Sample G18-2659 G18-2738 K18-4786 H18-1905 PHYTO 7 
% Monocot 25 49 38 48 32 
% Dicot 55 40 63 37 52 
% Weathered 20 11 0 15 16 
% Melted 0 0 0 0 0 
        
% Wood/Bark of total 55 38 63 36 30 
% Dicot leaves of total 0 2 0 1 22 
%w/b of dicot 100 95 100 97 57 
%leaves of dicot 0 5 0 3 43 
%general of total 0 3 0 3 0 
%GSC of total 0 13 13 11 19 
% Monocot 
Inflorescence of total 0 1 0 0 0 
% Monocot leaves/stems 
of total 25 32 25 33 14 
%general of monocot 0 6 0 6 0 
%GSC of monocot 0 26 33 24 58 
% Monocot 
Inflorescence of 
monocot 0 2 0 0 0 
% Monocot leaves/stems 
of monocot 100 66 67 70 42 
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Total Short Cells 0 26 1 12 15 
%Festucoid of SC 0 96 100 100 100 
%Panicoid of SC 0 4 0 0 0 
 
Layer 4 4 4 4 4 
Sample no  PHYTO 11* 
PHYTO 
12** 
PHYTO 
26** PHYTO 27* 
PHYTO 
34** 
Dicot hair 1   1     
Unciform hair           
Hair base           
Mc Polyhedral   4       
Jigsaw puzzle           
Tracheid (cylindric 
sulcate) 
          
Discoid echinate           
Discoid rugulate     1     
Discoid psilate           
Ellipsoid echinate           
 Ellipsoid psilate           
Ellipsoid rugulate           
Irregular psilate 4 4 10 6 3 
Irregular rugulate 3 28 23 7 24 
Irregular verrucate           
Parallelepiped blocky 
psilate 
          
Parallelepiped blocky 
rugulate 
          
Parallelepiped thin 
psilate 
        1 
Parallelepiped thin 
rugulate 
          
Platelet         1 
Spheroid psilate   1       
Spheroid rugulate   2     1 
Cylindroid echinate           
Cylindroid psilate           
Cylindroid rugulate     2     
Cylindroid sinuous           
Cylindroid laminate           
Long cell corniculate           
Long cell polylobate           
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Long cell sinuous           
Long cell wavy           
Bulliform cell cuneiform     1   1 
Bulliform cell 
parallelipedal 
  2 1 1 1 
Parallelepiped elongate 
psilate 
  7 6   6 
Parallelepiped elongate 
rugulate 
  2 4   3 
Parallelepiped elongate 
psilate mesophyll 
          
Prickle    4 3 1 2 
Stomata            
Hair           
Long cell dendritic           
Long cell echinate   1       
Long cell verrucate           
Papillae     1 1 1 
Short cell bilobate           
Short cell polylobate           
Short cell saddle           
Short cell cross shaped           
Short cells rondel   10 7 4 13 
Short cell rondel tower           
Short cell trapeziform           
Crenate           
Cyperaceae (Sedges)           
Spheroid echinate 
(Palm) 
          
Weathered   10 15   9 
Melted           
Fragment 17 25 16 18 29 
Fusiform diatom           
Rounded diatom           
Sponge spicule            
Microcharcoal None Rare None None Rare 
Total Identifiable 8 75 75 20 66 
       
Sample PHYTO 11 PHYTO 12 PHYTO 26 PHYTO27 PHYTO 34 
% Monocot 0 35 33 35 41 
% Dicot 100 52 47 65 45 
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% Weathered 0 13 20 0 14 
% Melted 0 0 0 0 0 
       
% Wood/Bark of total 88 47 45 65 45 
% Dicot leaves of total 13 5 1 0 0 
%w/b of dicot 88 90 97 100 100 
%leaves of dicot 13 10 3 0 0 
%general of total 0 0 3 0 0 
%GSC of total 0 13 9 20 20 
% Monocot 
Inflorescence of total 0 1 1 5 2 
% Monocot leaves/stems 
of total 0 20 20 10 20 
%general of monocot 0 0 8 0 0 
%GSC of monocot 0 38 28 57 48 
% Monocot 
Inflorescence of 
monocot 0 4 4 14 4 
% Monocot leaves/stems 
of monocot 0 58 60 29 48 
Total Short Cells 0 10 7 4 13 
%Festucoid of SC 0 100 100 100 100 
%Panicoid of SC 0 0 0 0 0 
 
Layer 4 3 2 2 2 
Sample no  
J18-
2174** 
PHYTO 
28** PHYTO 29* PHYTO 35* 
PHYTO 
36* 
Dicot hair           
Unciform hair     1 2   
Hair base           
Mc Polyhedral 6 9     26 
Jigsaw puzzle           
Tracheid (cylindric 
sulcate) 
          
Discoid echinate           
Discoid rugulate 4         
Discoid psilate           
Ellipsoid echinate           
 Ellipsoid psilate           
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Ellipsoid rugulate   2       
Irregular psilate 8 12       
Irregular rugulate 22 41 6 17 9 
Irregular verrucate           
Parallelepiped blocky 
psilate 
          
Parallelepiped blocky 
rugulate 
1   1     
Parallelepiped thin 
psilate 
  2       
Parallelepiped thin 
rugulate 
  1 1     
Platelet   1 3 1   
Spheroid psilate     1     
Spheroid rugulate     2     
Cylindroid echinate           
Cylindroid psilate   1       
Cylindroid rugulate   2       
Cylindroid sinuous           
Cylindroid laminate           
Long cell corniculate           
Long cell polylobate           
Long cell sinuous     1     
Long cell wavy           
Bulliform cell cuneiform 2     1 1 
Bulliform cell 
parallelipedal 
1 3       
Parallelepiped elongate 
psilate 
8 4 5 1   
Parallelepiped elongate 
rugulate 
4 6 7 1   
Parallelepiped elongate 
psilate mesophyll 
          
Prickle  3 4 5     
Stomata            
Hair           
Long cell dendritic     1     
Long cell echinate     1 1   
Long cell verrucate 1         
Papillae 2 3 1     
Short cell bilobate   1 2     
Short cell polylobate     1     
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Short cell saddle           
Short cell cross shaped           
Short cells rondel 12 10 34     
Short cell rondel tower           
Short cell trapeziform     1     
Crenate           
Cyperaceae (Sedges)           
Spheroid echinate (Palm)           
Weathered 12 5 3 5   
Melted           
Fragment 26 7 28 25 15 
Fusiform diatom           
Rounded diatom           
Sponge spicule  1   1     
Microcharcoal Rare Rare None Rare None 
Total Identifiable 86 107 77 29 36 
          
Sample J18-2174 PHYTO 28 PHYTO 29 PHYTO 35 
PHYTO 
36 
% Monocot 38 32 77 14 3 
% Dicot 48 64 19 69 97 
% Weathered 14 5 4 17 0 
% Melted 0 0 0 0 0 
          
% Wood/Bark of total 41 55 18 62 25 
% Dicot leaves of total 7 8 1 7 72 
%w/b of dicot 85 87 93 90 26 
%leaves of dicot 15 13 7 10 74 
%general of total 0 3 1 0 0 
%GSC of total 14 10 49 0 0 
% Monocot Inflorescence 
of total 3 3 4 3 0 
% Monocot leaves/stems 
of total 21 16 22 10 3 
%general of monocot 0 9 2 0 0 
%GSC of monocot 36 32 64 0 0 
% Monocot Inflorescence 
of monocot 9 9 5 25 0 
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% Monocot leaves/stems 
of monocot 55 50 29 75 100 
Total Short Cells 12 11 38 0 0 
%Festucoid of SC 100 91 92 0 0 
%Panicoid of SC 0 9 8 0 0 
 
Layer 1 1 
Sample no  PHYTO 8* K16-9 
Dicot hair 1   
Unciform hair     
Hair base 8   
Mc Polyhedral 39   
Jigsaw puzzle     
Tracheid (cylindric 
sulcate) 
1   
Discoid echinate     
Discoid rugulate     
Discoid psilate     
Ellipsoid echinate     
 Ellipsoid psilate     
Ellipsoid rugulate     
Irregular psilate 4 12 
Irregular rugulate 31 39 
Irregular verrucate     
Parallelepiped blocky 
psilate 
  1 
Parallelepiped blocky 
rugulate 
  1 
Parallelepiped thin psilate 3 2 
Parallelepiped thin 
rugulate 
    
Platelet   7 
Spheroid psilate   2 
Spheroid rugulate   2 
Cylindroid echinate     
Cylindroid psilate 1 8 
Cylindroid rugulate     
Cylindroid sinuous     
Cylindroid laminate     
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Long cell corniculate     
Long cell polylobate   2 
Long cell sinuous     
Long cell wavy   3 
Bulliform cell cuneiform 2 2 
Bulliform cell 
parallelipedal 
    
Parallelepiped elongate 
psilate 
7 18 
Parallelepiped elongate 
rugulate 
13 4 
Parallelepiped elongate 
psilate mesophyll 
    
Prickle  7 10 
Stomata      
Hair     
Long cell dendritic     
Long cell echinate 3 19 
Long cell verrucate 1   
Papillae 1 1 
Short cell bilobate 3 3 
Short cell polylobate 2 4 
Short cell saddle     
Short cell cross shaped     
Short cells rondel 44 67 
Short cell rondel tower 3   
Short cell trapeziform 1 4 
Crenate     
Cyperaceae (Sedges)     
Spheroid echinate (Palm)     
Weathered 3 14 
Melted     
Fragment 22 75 
Fusiform diatom   3 
Rounded diatom 2   
Sponge spicule      
Microcharcoal None Frequent 
Total Identifiable 178 225 
     
Sample PHYTO 8 K16-9 
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% Monocot 49 64 
% Dicot 49 29 
% Weathered 2 6 
% Melted 0 0 
     
% Wood/Bark of total 21 29 
% Dicot leaves of total 28 0 
%w/b of dicot 44 100 
%leaves of dicot 56 0 
%general of total 1 6 
%GSC of total 30 35 
% Monocot Inflorescence 
of total 3 9 
% Monocot leaves/stems 
of total 16 15 
%general of monocot 1 9 
%GSC of monocot 60 54 
% Monocot Inflorescence 
of monocot 6 14 
% Monocot leaves/stems 
of monocot 33 23 
Total Short Cells 53 78 
%Festucoid of SC 91 91 
%Panicoid of SC 9 9 
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APPENDIX D: PHYTOLITH CLASSIFICATION SYSTEM 
 
Note: the following materials represent the Online Resources provided with the article 
submitted to Archaeological and Anthropological Sciences titled “Neanderthal plant use 
and pyrotechnology: phytolith evidence from Roc de Marsal, France” coauthored by 
Kristen Wroth, Dan Cabanes, John M. Marston, Vera Aldeias, Dennis Sandgathe, Alain 
Turq, Paul Goldberg, and Harold Dibble. 
 
Phytolith Classification System, including plant classification, name according to the 
International Code for Phytolith Nomenclature system (Madella et al. 2005), qualitative 
description of the morphotypes, and references used for comparisons.  
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General 
Monocot 
Cylindroid 
(echinate, 
psilate, 
rugulate, 
sinuous) 
Elongate and circular in 
cross section with a 
variety of surface 
decoration 
Madella et al., 2005; 
Piperno, 2006 
Long cell 
polylobate 
Elongate to cylindric 
with more than 2 lobes 
in a linear arrangement 
Barboni and Bremond, 
2009; Fahmy, 2008; 
Lancelotti et al., 2014; 
Strömberg, 2004 
Long cell 
sinuous 
Elongate to cylindric 
with alternating but 
uneven 
concavities/convexities 
Barboni et al., 1999; 
Mulholland, 1989; 
Piperno, 2006; 
Strömberg, 2004; 
Strömberg et al., 2007 
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Long cell wavy Elongate to cylindric 
with even, alternating 
concavities/convexities 
Pearsall and Piperno, 
1993; Piperno, 2006 
Monocot 
leaves and 
stems 
Bulliform cell 
(cuneiform and 
parallelepiped) 
Fan shaped and 
elongate bulliform cells 
Barboni et al., 2007, 
1999; Gu et al., 2015; 
Ma et al., 2016; 
Madella et al., 2005; 
Novello et al., 2012; 
Runge, 1999; 
Strömberg, 2004 
Parallelepiped 
elongate psilate 
and rugulate 
Four-sided with 
opposite sides parallel. 
Smooth or wrinkled 
surface texture.  
Albert et al., 2000; 
Barboni and Bremond, 
2009; Cabanes et al., 
2011; Lancelotti et al., 
2014; Madella et al., 
2005 
Prickle and 
prickle armed 
Lanceolate, point 
shaped, oval base 
Albert et al., 2000; 
Ball et al., 1996; 
Piperno, 2006 
Stomata  Oval to sub-rounded. 
Opening visible in the 
center.  
Madella et al., 2005; 
Piperno, 2006 
Monocot 
inflorescences 
Hair monocot Point shaped, hollow in 
central portion 
Piperno, 2006 
Long cell 
dendritic 
Elongate to cylindric 
with protuberances and 
dendritic edges 
Ball et al., 1996; 
Portillo et al., 2009; 
Twiss et al., 1969 
Long cell 
echinate 
Elongate to cylindric 
with pointed/spiny 
surface decoration 
Ball et al., 1996; 
Portillo et al., 2009; 
Twiss et al., 1969 
Papillae Rounded but uneven, 
one side has a small 
raised portion (not 
large enough to be 
considered a hair), and 
the underside generally 
has a pitted texture 
Madella et al., 2005; 
Piperno, 2006 
Monocot 
Grass Short 
Cells 
Short cell 
bilobate 
Bilobate with straight 
or rounded/convex end 
lobes 
Bremond et al., 2005; 
Fahmy, 2008; 
Fredlund and Tieszen, 
1994; Lu and Liu, 
2003; Mulholland, 
1989; Neumann et al., 
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2009; Twiss et al., 
1969 
Short cell 
polylobate 
Three or more lobes in 
a linear arrangement 
Fahmy, 2008; Madella 
et al., 2005; Novello et 
al., 2012; Piperno, 
2006; Piperno and 
Pearsall, 1998 
Short cell 
saddle 
Saddle shaped Barboni and Bremond, 
2009; Novello et al., 
2012; Piperno, 2006; 
Twiss et al., 1969 
Short cell cross 
shaped 
Cross, top mirror-
image or sloping 
plateau with raised 
corners 
Fahmy, 2008; Madella 
et al., 2005; Piperno, 
2006; Piperno and 
Pearsall, 1998 
Short cells 
rondel 
Base rounded, top 
conical or keeled 
Barboni and Bremond, 
2009; Fredlund and 
Tieszen, 1994; 
Mulholland, 1989; 
Novello et al., 2012; 
Piperno and Pearsall, 
1998 
Short cell 
trapeziform 
Square to rectangular, 
uneven cross shape 
Fahmy, 2008; Madella 
et al., 2005; Novello et 
al., 2012; Piperno, 
2006; Piperno and 
Pearsall, 1998 
Dicot leaves 
and stems 
Epidermal 
appendage Hair 
dicot 
Round base, hollow, 
acicular 
Albert and Marean, 
2012; Madella et al., 
2005; Tsartsidou et al., 
2015 
Epidermal 
appendage 
unciform hair 
Curved, hook shape, 
round or sub-round 
base 
Madella et al., 2005; 
Piperno, 2006 
Epidermal 
appendage Hair 
base 
Favose, rounded shape. 
Circular to oval space 
in center. Multiple 
phytoliths in 
connection 
Albert and Marean, 
2012; Madella et al., 
2005; Tsartsidou et al., 
2015; Watling and 
Iriarte, 2013 
Mc Polyhedral Multiple cells in a 
favose pattern 
Piperno, 2006; 
Watling and Iriarte, 
2013 
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Jigsaw puzzle Anticlinal. Flat with 
multiple, uneven 
protuberances 
Piperno, 2006; 
Watling and Iriarte, 
2013 
Tracheid  Cylindric sulcate  Goldberg et al., 2009; 
Horrocks et al., 2008; 
Parr and Carter, 2003; 
Strömberg et al., 2007 
Dicot wood 
and bark 
Discoid 
echinate, 
rugulate, psilate 
Round to sub-round, 
thin, with a variety of 
surface textures (spiny, 
wrinkled, smooth) 
Parr and Carter, 2003; 
Piperno, 2015; 
Watling and Iriarte, 
2013 
Ellipsoid 
echinate, 
psilate, rugulate 
Ellipsoidal with a 
variety of surface 
textures (Spiny, 
smooth, wrinkled) 
Parr and Carter, 2003; 
Piperno, 2015; 
Watling and Iriarte, 
2013 
Irregular 
psilate, rugulate 
Does not have a 
specific shape, uneven 
and asymmetrical. 
Smooth or wrinkled 
texture 
Cabanes et al., 2011; 
Piperno, 2006 
Parallelepiped 
thin psilate, 
rugulate (r.e. 
and s.e.) 
4 sided with two 
parallel, but very thin. 
Smooth or wrinkled. 
Often broken (denoted 
as rounded edges or 
smooth edges) 
Albert et al., 2000; 
Barboni and Bremond, 
2009; Cabanes et al., 
2011; Lancelotti et al., 
2014; Madella et al., 
2005 
Parallelepiped 
blocky psilate, 
rugulate 
Four sided with two 
parallel. Very chunky, 
box-like. Smooth or 
wrinkled 
Albert et al., 2000; 
Barboni and Bremond, 
2009; Cabanes et al., 
2011; Lancelotti et al., 
2014; Madella et al., 
2005 
Platelet Very thin, often 
pentagonal 
Albert et al., 2000; Gu 
et al., 2007; Iriarte et 
al., 2010; Power et al., 
2014; Runge, 1999 
Spheroid 
psilate, rugulate 
Globular, smooth or 
wrinkled 
Albert et al., 2000; 
Karkanas et al., 2002; 
Piperno, 2006 
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APPENDIX E: MORPHOMETRIC MEASUREMENTS OF SIZE AND SHAPE 
FOR MODERN COMPARATIVE COLLECTION 
 
Note: the following materials represent the Online Resources provided with the article in 
preparation for Journal of Archaeological Sciences titled “Archaeological Applications 
of Phytolith Morphometrics.” 
 
Morphometries of size for Andropogon gerardii 
Binary 
# 
Area 
µm² 
Convex 
Area µm² 
Perimeter 
µm 
Convex 
Perimeter 
µm 
Length 
(Feret) 
µm 
Fiber 
Length 
µm 
Width 
µm 
Equivalent 
Diameter 
(ArEquivD) 
µm 
Inscribed 
Radius 
(MinR) 
µm 
1 463.01 547.57 108.28 92.40 36.13 42.37 18.09 24.28 4.66 
2 366.07 432.82 92.31 77.87 28.28 33.01 18.28 21.59 4.38 
3 497.58 583.35 110.28 92.07 33.58 39.32 19.76 25.17 3.58 
4 502.22 601.65 113.14 91.34 33.64 43.07 21.58 25.29 4.63 
5 309.51 375.73 87.84 75.40 29.86 33.73 17.32 19.85 3.04 
6 441.40 526.23 101.95 86.95 32.24 36.91 19.94 23.71 3.77 
7 350.17 413.41 89.81 77.94 29.41 33.98 17.39 21.12 3.76 
8 308.56 396.83 93.66 76.85 28.57 33.80 16.12 19.82 3.24 
9 358.40 439.67 96.69 83.08 31.01 35.27 15.57 21.36 2.31 
10 314.31 370.41 86.84 73.41 28.31 31.55 17.13 20.01 4.03 
11 316.07 375.94 88.21 72.90 27.01 31.63 18.12 20.06 4.33 
12 271.60 322.91 78.55 69.40 25.75 29.75 15.15 18.60 3.52 
13 322.38 396.97 90.76 78.48 30.61 33.21 14.98 20.26 2.80 
14 301.93 372.94 87.58 75.37 29.34 34.76 15.42 19.61 3.23 
15 249.94 304.84 77.62 68.11 27.31 32.41 14.50 17.84 3.56 
16 359.74 437.06 91.44 79.54 30.71 36.12 18.01 21.40 4.43 
17 328.01 412.82 90.34 78.27 29.89 33.00 16.69 20.44 3.44 
18 380.40 486.71 102.23 85.33 33.20 36.93 17.40 22.01 2.36 
19 382.90 485.21 102.00 85.97 33.07 42.12 17.11 22.08 2.33 
20 245.50 300.20 75.92 66.38 25.80 28.59 14.37 17.68 3.11 
21 318.25 424.80 95.37 82.13 32.70 37.08 15.53 20.13 3.10 
22 282.22 363.55 85.46 73.95 27.43 32.18 15.56 18.96 3.28 
23 212.77 262.79 72.09 64.16 24.36 27.93 13.29 16.46 3.62 
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24 246.20 288.26 75.37 68.14 25.79 28.90 13.44 17.71 3.90 
25 240.82 279.34 74.07 64.77 24.36 29.53 14.35 17.51 3.65 
25 240.82 279.335 74.072 64.769 24.36 29.525 14.354 17.511 3.649 
26 501.952 380.429 89.125 68.450 32.874 29.143 18.330 24.481 3.447 
27 495.562 402.110 77.072 65.540 35.554 42.818 15.621 17.670 3.511 
28 401.733 577.626 100.732 74.597 34.982 31.216 13.871 20.794 3.305 
29 318.426 537.389 107.074 86.780 24.918 29.009 19.462 17.778 4.462 
30 278.353 378.409 74.719 77.463 25.627 31.662 21.391 21.388 3.592 
31 336.288 515.128 83.329 91.022 29.528 28.946 18.339 23.916 2.922 
32 315.654 434.186 83.928 66.618 25.984 34.804 15.479 17.180 2.639 
33 464.699 504.568 104.398 70.934 34.595 29.224 13.977 21.878 2.763 
34 244.718 512.618 77.766 81.409 35.553 36.364 17.110 21.981 2.592 
35 435.008 489.899 90.473 91.772 30.751 37.544 13.952 18.978 3.429 
36 437.686 543.432 107.863 86.653 30.075 39.702 17.112 17.673 4.027 
37 357.333 323.808 89.006 70.376 29.667 41.532 21.272 22.310 3.674 
38 269.742 268.974 110.018 73.047 29.134 41.863 15.814 21.286 4.199 
39 235.213 323.685 73.426 67.869 29.952 30.203 20.421 19.320 3.617 
40 208.853 545.225 76.842 70.891 26.108 27.977 21.241 22.987 2.790 
41 333.695 351.661 79.835 64.895 26.379 30.296 21.567 20.206 4.088 
42 310.179 463.228 98.086 79.720 24.764 37.283 13.491 21.224 2.856 
43 434.296 393.582 96.934 67.945 28.680 29.574 15.674 17.848 4.313 
44 372.793 343.164 80.430 68.695 34.751 32.953 18.978 23.026 2.765 
45 427.954 314.840 77.028 67.694 35.600 30.879 18.927 24.096 3.737 
46 247.720 294.590 100.332 65.361 26.451 34.020 14.048 23.589 2.738 
47 502.053 548.052 80.212 64.789 28.005 38.472 16.029 16.840 2.654 
48 228.880 389.964 112.202 67.534 29.764 39.991 21.011 21.575 2.954 
49 313.073 453.506 72.865 74.724 26.365 36.280 14.478 21.717 4.278 
50 429.434 292.868 72.604 87.427 35.902 31.021 14.679 20.385 2.535 
51 501.290 392.678 112.785 81.755 30.797 41.033 20.748 16.620 4.540 
52 334.682 495.699 81.036 76.171 29.205 40.473 19.359 23.205 3.801 
53 319.572 715.928 101.495 81.237 32.518 34.784 21.564 21.932 2.590 
54 258.077 356.130 107.647 87.855 28.836 36.785 17.966 17.758 2.527 
55 369.483 522.518 109.492 76.807 26.542 31.841 18.891 22.471 4.563 
56 411.841 462.851 105.037 85.429 24.552 36.023 16.510 20.320 3.549 
57 288.693 381.390 100.838 84.584 28.424 41.706 15.991 20.146 3.009 
58 272.693 417.516 102.394 67.474 34.306 42.208 21.301 22.497 3.157 
59 372.451 574.999 111.895 88.380 24.851 29.154 20.544 16.424 3.105 
60 309.504 539.645 81.895 70.960 34.759 36.090 17.645 17.736 3.449 
61 418.812 591.865 86.181 84.789 27.310 35.006 16.343 23.279 3.295 
62 394.233 315.780 72.691 84.468 32.751 29.028 21.240 22.412 2.951 
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63 547.917 298.207 99.102 68.152 31.075 33.679 13.638 18.281 2.369 
64 336.121 384.626 75.494 67.374 35.499 38.829 17.343 24.551 3.511 
65 391.134 468.372 111.084 74.369 33.380 36.888 13.348 22.686 2.651 
66 481.034 498.286 86.631 86.997 30.136 40.329 17.110 24.920 3.382 
67 216.267 435.124 93.295 83.728 33.353 30.554 19.249 23.547 2.874 
68 204.415 686.978 87.900 77.023 33.685 38.784 20.958 21.194 3.872 
69 437.517 324.518 82.176 76.837 36.063 39.888 21.332 18.658 2.554 
70 495.857 284.360 108.527 83.604 31.463 36.810 20.915 19.546 2.401 
71 211.201 290.049 105.267 79.811 35.278 36.349 17.152 21.041 4.565 
72 438.925 269.150 111.416 81.955 25.897 28.370 14.608 17.754 2.870 
73 502.525 561.637 109.925 78.275 29.782 35.181 20.156 20.406 4.380 
74 389.563 401.306 91.457 70.937 28.194 33.689 17.658 23.923 2.696 
75 247.959 655.304 93.501 77.609 31.405 40.219 14.870 16.979 4.017 
76 499.578 305.810 109.753 66.059 29.125 28.215 21.175 22.684 3.818 
77 319.877 450.015 72.919 69.405 34.560 33.941 13.742 19.717 3.985 
78 209.204 339.770 73.559 92.081 25.752 28.501 20.729 18.602 3.453 
79 277.744 262.817 100.057 91.833 26.791 35.777 19.935 18.481 2.930 
80 259.519 497.571 107.441 78.419 31.715 29.285 14.465 20.915 3.783 
81 319.613 542.663 84.855 69.797 33.933 38.404 14.782 20.465 3.981 
82 477.154 381.130 83.779 81.785 24.728 38.660 13.719 21.871 2.499 
83 407.411 343.597 78.944 76.725 26.231 40.462 15.956 24.791 4.416 
84 333.762 235.973 110.477 72.458 28.316 33.434 17.955 22.467 2.620 
85 423.322 459.998 85.112 89.478 33.121 27.962 19.052 19.052 3.455 
86 503.275 596.982 74.768 91.584 25.122 38.580 20.400 18.907 4.460 
87 342.283 311.219 82.097 90.527 25.857 29.197 13.837 16.986 3.360 
88 374.676 296.370 81.270 76.200 35.621 33.916 17.667 24.604 3.673 
89 212.892 318.467 105.150 70.608 35.808 28.430 16.676 23.448 4.190 
90 231.791 610.732 105.361 67.994 25.406 32.578 19.160 16.903 4.594 
91 490.353 539.453 104.453 68.766 34.132 34.243 16.928 17.823 3.704 
92 326.084 331.084 77.399 80.890 25.103 37.731 18.719 22.145 4.332 
93 359.461 526.220 92.910 88.972 25.205 33.479 17.758 23.231 4.259 
94 275.652 588.386 89.074 69.159 28.214 31.413 19.297 18.114 4.087 
95 502.541 545.542 100.400 91.539 32.424 30.021 17.464 23.633 3.633 
96 366.029 601.380 74.145 72.585 25.981 39.648 17.632 21.540 3.749 
97 302.640 522.522 109.271 70.738 25.017 42.993 15.240 20.285 4.145 
98 342.408 572.370 81.867 75.393 34.404 29.774 13.945 24.661 3.284 
99 449.085 369.052 73.109 73.230 29.533 30.230 13.754 21.970 3.492 
100 414.719 585.128 93.762 81.776 33.561 33.289 17.850 21.076 4.352 
 
 227 
 
 
 
Morphometries of shape for Andropogon gerardii 
Binary # 
Form 
Factor 
(Circ) Roundness Convexity Solidity Compactness 
Aspect 
Ratio Elongation Curl 
1 0.50 0.45 0.85 0.85 0.67 2.00 2.34 0.85 
2 0.54 0.58 0.84 0.85 0.76 1.55 1.81 0.86 
3 0.51 0.56 0.84 0.85 0.75 1.70 1.99 0.85 
4 0.49 0.57 0.81 0.84 0.75 1.56 2.00 0.78 
5 0.50 0.44 0.86 0.82 0.67 1.72 1.95 0.89 
6 0.53 0.54 0.85 0.84 0.74 1.62 1.85 0.87 
7 0.55 0.52 0.87 0.85 0.72 1.69 1.95 0.87 
8 0.44 0.48 0.82 0.78 0.69 1.77 2.10 0.85 
9 0.48 0.48 0.86 0.82 0.69 1.99 2.27 0.88 
10 0.52 0.50 0.85 0.85 0.71 1.65 1.84 0.90 
11 0.51 0.55 0.83 0.84 0.74 1.49 1.75 0.85 
12 0.55 0.52 0.88 0.84 0.72 1.70 1.96 0.87 
13 0.49 0.44 0.87 0.81 0.66 2.04 2.22 0.92 
14 0.50 0.45 0.86 0.81 0.67 1.90 2.26 0.84 
15 0.52 0.43 0.88 0.82 0.65 1.88 2.23 0.84 
16 0.54 0.49 0.87 0.82 0.70 1.71 2.01 0.85 
17 0.51 0.47 0.87 0.80 0.68 1.79 1.98 0.91 
18 0.46 0.44 0.84 0.78 0.66 1.91 2.12 0.90 
19 0.46 0.45 0.84 0.79 0.67 1.93 2.46 0.79 
20 0.54 0.47 0.87 0.82 0.69 1.80 1.99 0.90 
21 0.44 0.38 0.86 0.75 0.62 2.11 2.39 0.88 
22 0.49 0.48 0.87 0.78 0.69 1.76 2.07 0.85 
23 0.52 0.46 0.89 0.81 0.68 1.83 2.10 0.87 
24 0.55 0.47 0.90 0.85 0.69 1.92 2.15 0.89 
25 0.55 0.52 0.87 0.86 0.72 1.70 2.06 0.83 
26 0.523 0.547 0.841 0.821 0.718 1.827 2.209 0.873 
27 0.454 0.506 0.821 0.829 0.709 1.899 1.822 0.904 
28 0.476 0.513 0.828 0.806 0.630 1.679 2.160 0.903 
29 0.482 0.496 0.831 0.807 0.707 1.864 2.155 0.847 
30 0.551 0.514 0.855 0.809 0.760 1.886 2.297 0.837 
31 0.461 0.459 0.826 0.817 0.707 1.850 2.379 0.825 
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32 0.482 0.581 0.877 0.849 0.718 1.666 2.358 0.829 
33 0.503 0.493 0.830 0.798 0.657 1.559 2.348 0.894 
34 0.459 0.527 0.835 0.797 0.705 1.899 2.311 0.883 
35 0.489 0.453 0.853 0.827 0.707 1.685 2.147 0.913 
36 0.521 0.417 0.852 0.771 0.748 1.724 2.130 0.895 
37 0.471 0.391 0.895 0.753 0.634 1.873 1.862 0.840 
38 0.464 0.471 0.848 0.783 0.636 1.612 1.951 0.861 
39 0.540 0.524 0.817 0.834 0.755 1.864 2.425 0.807 
40 0.513 0.576 0.826 0.862 0.663 1.793 2.233 0.844 
41 0.501 0.581 0.888 0.787 0.626 1.742 2.107 0.865 
42 0.550 0.553 0.868 0.828 0.710 1.658 1.899 0.789 
43 0.501 0.392 0.883 0.762 0.663 1.669 1.968 0.912 
44 0.501 0.508 0.867 0.789 0.630 1.642 1.935 0.913 
45 0.510 0.544 0.816 0.819 0.633 1.921 2.397 0.906 
46 0.542 0.402 0.898 0.794 0.722 2.053 2.214 0.811 
47 0.499 0.408 0.884 0.830 0.723 1.886 2.430 0.849 
48 0.489 0.456 0.891 0.763 0.710 1.762 2.434 0.824 
49 0.467 0.526 0.894 0.827 0.653 1.732 1.942 0.912 
50 0.449 0.536 0.896 0.767 0.635 1.847 2.238 0.855 
51 0.440 0.497 0.827 0.812 0.742 1.721 2.004 0.813 
52 0.456 0.383 0.898 0.772 0.644 1.535 1.813 0.833 
53 0.512 0.392 0.901 0.789 0.762 1.652 1.865 0.880 
54 0.475 0.401 0.830 0.764 0.680 1.788 1.829 0.809 
55 0.528 0.544 0.816 0.766 0.655 1.906 2.059 0.880 
56 0.509 0.573 0.871 0.838 0.716 1.501 1.991 0.816 
57 0.542 0.493 0.809 0.823 0.692 1.983 2.341 0.901 
58 0.479 0.470 0.881 0.826 0.673 1.894 2.066 0.890 
59 0.469 0.544 0.898 0.759 0.714 1.955 2.194 0.782 
60 0.497 0.534 0.880 0.781 0.653 1.759 2.443 0.786 
61 0.474 0.552 0.825 0.811 0.663 1.963 1.966 0.836 
62 0.514 0.555 0.821 0.827 0.707 1.910 1.919 0.895 
63 0.509 0.427 0.834 0.860 0.657 1.535 1.856 0.919 
64 0.499 0.559 0.832 0.798 0.742 1.761 2.418 0.896 
65 0.538 0.401 0.849 0.811 0.711 1.920 2.264 0.846 
66 0.441 0.525 0.833 0.808 0.696 1.758 2.234 0.854 
67 0.456 0.407 0.832 0.847 0.725 1.818 1.774 0.918 
68 0.516 0.507 0.903 0.775 0.691 2.079 1.890 0.843 
69 0.493 0.502 0.822 0.783 0.654 1.670 2.147 0.803 
70 0.524 0.466 0.877 0.830 0.637 1.928 1.776 0.790 
71 0.485 0.440 0.824 0.799 0.668 1.714 2.347 0.832 
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72 0.475 0.517 0.856 0.779 0.638 2.088 1.864 0.860 
73 0.532 0.435 0.831 0.831 0.738 1.659 2.011 0.825 
74 0.458 0.545 0.818 0.764 0.652 1.770 1.995 0.894 
75 0.523 0.442 0.872 0.846 0.732 1.892 1.835 0.901 
76 0.441 0.430 0.856 0.820 0.748 1.498 1.772 0.797 
77 0.548 0.480 0.880 0.797 0.625 2.018 2.123 0.897 
78 0.539 0.443 0.896 0.811 0.680 1.753 2.211 0.792 
79 0.518 0.406 0.886 0.832 0.687 1.524 2.299 0.922 
80 0.477 0.487 0.867 0.841 0.742 1.963 1.851 0.878 
81 0.482 0.457 0.886 0.796 0.757 1.579 2.179 0.856 
82 0.488 0.523 0.898 0.845 0.636 2.066 1.851 0.910 
83 0.444 0.521 0.867 0.834 0.725 1.902 2.132 0.872 
84 0.516 0.549 0.877 0.777 0.721 2.014 2.141 0.914 
85 0.504 0.552 0.857 0.801 0.656 1.965 2.335 0.885 
86 0.507 0.402 0.862 0.812 0.726 1.710 1.887 0.870 
87 0.489 0.575 0.902 0.844 0.674 1.654 1.934 0.873 
88 0.539 0.531 0.835 0.858 0.760 2.069 2.366 0.803 
89 0.510 0.478 0.871 0.827 0.714 1.603 2.201 0.852 
90 0.543 0.434 0.824 0.776 0.746 2.081 1.916 0.894 
91 0.535 0.472 0.847 0.798 0.639 1.547 2.424 0.903 
92 0.531 0.406 0.854 0.793 0.729 1.936 1.750 0.821 
93 0.493 0.447 0.839 0.805 0.657 1.688 1.884 0.805 
94 0.509 0.488 0.901 0.819 0.675 2.050 2.266 0.904 
95 0.499 0.533 0.891 0.775 0.616 1.916 1.976 0.836 
96 0.449 0.539 0.843 0.802 0.752 1.883 2.304 0.912 
97 0.486 0.472 0.877 0.788 0.717 1.803 1.825 0.788 
98 0.532 0.468 0.817 0.783 0.723 1.770 1.780 0.844 
99 0.521 0.522 0.855 0.852 0.723 1.830 2.421 0.824 
100 0.548 0.456 0.844 0.755 0.753 1.797 2.310 0.894 
 
Morphometries of size for Echinochloa crus-galli 
Binary 
# 
Area 
µm² 
Convex 
Area 
µm² 
Perimeter 
µm 
Convex 
Perimeter 
µm 
Length 
(Feret) 
µm 
Fiber 
Length 
µm 
Width 
µm 
Equivalent 
Diameter 
(ArEquivD) 
µm 
Inscribed 
Radius 
(MinR) 
µm 
1 85.90 113.06 49.25 41.13 15.78 16.32 8.28 10.46 0.41 
2 111.36 138.40 50.45 44.77 16.26 19.06 10.30 11.91 2.18 
3 117.44 144.22 52.41 46.31 17.21 20.90 9.64 12.23 2.19 
4 179.01 245.57 74.84 61.78 24.93 29.61 11.83 15.10 0.72 
5 166.71 210.13 66.36 55.56 21.39 26.58 11.39 14.57 1.41 
6 134.20 172.80 60.08 51.16 20.26 23.28 10.09 13.07 1.05 
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7 163.33 219.39 66.84 57.06 21.57 26.18 11.93 14.42 1.74 
8 187.97 249.43 73.35 62.28 24.56 30.12 11.59 15.47 1.34 
9 177.68 232.61 68.81 57.78 21.68 27.36 12.86 15.04 2.14 
10 190.65 243.60 70.80 60.76 24.42 27.36 12.26 15.58 1.74 
11 187.69 249.25 72.79 60.58 22.54 29.78 13.17 15.46 1.20 
12 181.11 235.30 70.08 58.42 21.13 27.54 12.74 15.19 1.10 
13 127.94 156.54 57.18 50.19 20.19 22.54 8.87 12.76 1.21 
14 179.22 242.45 72.53 59.99 22.64 27.60 12.45 15.11 0.70 
15 99.21 131.13 52.85 46.94 18.83 21.63 8.20 11.24 1.15 
16 103.11 123.89 49.16 43.23 17.22 19.78 8.83 11.46 1.51 
17 155.64 206.63 66.67 59.59 24.33 27.31 9.81 14.08 1.45 
18 208.01 272.54 75.90 64.92 25.89 30.64 12.51 16.27 0.80 
19 233.35 318.44 84.86 69.51 27.57 34.46 14.78 17.24 1.20 
20 136.00 183.38 62.44 55.24 22.00 23.18 9.71 13.16 1.11 
21 162.63 212.33 69.89 61.42 25.62 29.86 9.61 14.39 1.07 
22 165.87 195.12 65.35 52.84 19.66 22.09 12.76 14.53 4.42 
23 264.04 319.59 84.17 65.26 22.48 30.85 19.11 18.34 2.43 
24 138.12 158.62 53.37 46.34 17.13 19.38 12.74 13.26 2.86 
25 223.00 250.86 66.15 58.69 21.92 24.32 14.97 16.85 3.89 
26 208.52 241.75 71.59 58.62 22.08 26.67 16.16 16.29 2.46 
27 258.75 303.45 78.80 63.10 22.33 29.92 18.42 18.15 3.46 
28 191.84 229.54 66.83 58.07 22.78 26.54 14.60 15.63 4.41 
29 157.10 196.84 64.95 52.26 18.84 23.20 14.74 14.14 2.84 
30 178.97 222.82 66.32 55.98 20.38 23.45 15.36 15.10 3.70 
31 174.33 202.45 65.03 52.76 19.98 22.62 13.37 14.90 4.04 
32 261.12 319.74 85.28 68.32 26.66 31.22 16.15 18.23 3.93 
33 114.88 158.32 57.74 49.47 19.26 22.42 9.61 12.09 1.07 
34 163.50 227.06 69.93 60.35 24.42 27.94 10.78 14.43 1.20 
35 121.699 203.415 71.411 65.888 23.600 24.524 18.074 18.096 1.828 
36 137.739 242.252 82.536 53.646 22.375 32.818 9.541 13.234 2.492 
37 180.314 265.213 65.780 47.456 24.850 24.715 16.572 15.486 2.732 
38 244.430 158.188 50.032 43.301 26.267 22.273 13.726 18.057 1.961 
39 164.242 300.945 74.260 61.713 16.721 19.397 17.269 11.222 1.139 
40 194.375 128.478 64.258 69.351 21.093 17.144 18.998 17.570 3.407 
41 92.281 240.153 64.105 68.271 27.212 17.801 15.952 13.929 2.546 
42 98.154 242.494 80.170 50.147 18.884 33.348 15.833 13.815 4.294 
43 261.189 310.871 68.636 69.230 22.655 29.323 10.641 18.208 0.669 
44 104.394 183.339 51.402 49.752 16.998 28.554 15.452 12.759 1.547 
45 141.736 243.415 59.381 54.199 26.501 16.325 17.350 17.470 3.883 
46 257.092 168.629 65.978 54.269 23.109 19.694 18.038 18.140 4.412 
47 221.240 293.328 61.995 46.010 23.527 20.760 16.457 14.785 1.443 
48 195.755 252.694 69.491 57.084 22.931 21.603 16.508 17.874 1.351 
49 87.155 265.723 61.889 66.092 25.140 17.152 10.325 15.470 1.262 
50 201.551 309.313 64.639 43.456 19.497 22.718 13.732 15.428 3.881 
51 113.608 311.978 82.981 47.981 19.424 20.255 18.506 13.367 0.699 
52 113.782 263.646 53.585 43.464 19.937 32.468 16.895 16.996 1.495 
53 189.076 299.030 64.770 41.853 20.472 27.381 10.936 11.646 3.533 
54 235.476 304.608 50.295 69.340 16.992 27.592 9.503 14.519 1.635 
55 185.371 313.707 58.210 60.291 22.953 28.970 12.762 17.212 1.473 
56 190.426 223.773 70.384 54.280 20.514 31.848 11.093 13.557 4.383 
57 174.824 125.911 52.677 67.023 20.244 24.295 10.646 17.897 3.959 
58 139.683 182.629 55.182 49.588 20.433 20.279 16.310 14.013 1.816 
59 155.121 122.039 78.505 47.838 26.524 23.620 17.622 16.209 4.034 
60 140.337 118.975 62.086 43.188 19.600 34.074 11.390 13.303 4.281 
61 181.946 280.676 74.360 63.484 27.084 27.125 12.068 18.318 1.919 
62 223.636 319.671 61.828 44.027 19.431 34.163 12.779 17.623 1.525 
 231 
 
63 150.135 142.746 74.464 57.112 21.204 19.778 15.326 12.421 3.857 
64 176.308 312.605 68.306 52.310 19.196 20.409 14.966 10.831 1.590 
65 119.219 227.115 60.622 48.671 17.281 29.750 17.940 17.993 0.933 
66 263.903 177.138 49.336 52.255 20.881 22.244 13.436 13.683 3.199 
67 93.071 254.378 76.835 51.409 26.456 33.824 18.739 13.702 2.773 
68 195.888 305.423 68.468 51.290 27.268 17.615 10.058 12.982 3.319 
69 91.842 317.234 77.416 54.373 18.504 33.156 8.860 17.677 3.291 
70 186.452 280.736 77.242 51.267 27.045 23.077 13.902 12.766 0.754 
71 197.359 168.106 57.029 54.957 26.915 18.272 15.617 17.266 2.002 
72 181.848 254.333 73.503 53.329 23.756 30.267 16.763 16.198 1.420 
73 130.856 288.077 69.260 55.063 21.586 32.944 16.336 17.063 3.506 
74 251.789 174.386 80.940 46.343 16.919 29.584 8.942 16.098 3.415 
75 211.974 287.742 77.657 63.902 24.695 25.332 13.544 11.975 1.194 
76 237.330 222.840 69.908 52.138 19.665 32.135 9.935 11.638 1.601 
77 98.441 303.158 55.771 52.452 19.034 24.938 12.150 15.002 0.498 
78 120.701 153.758 54.199 69.108 22.601 21.187 18.218 11.765 3.102 
79 189.708 126.564 68.918 43.248 25.766 21.065 11.211 10.740 3.057 
80 235.490 297.554 65.961 41.693 20.132 33.649 9.058 13.761 1.589 
81 252.556 297.517 69.856 51.623 18.082 33.204 11.624 11.806 1.896 
82 91.891 157.394 75.525 43.517 17.067 25.787 16.848 13.417 1.755 
83 150.927 178.688 62.422 43.586 23.849 32.441 9.439 12.294 2.960 
84 229.290 257.385 68.071 43.647 24.074 27.438 16.246 17.859 0.773 
85 132.056 193.188 74.571 47.861 16.824 19.291 9.251 16.540 0.789 
86 88.493 233.481 75.929 52.821 18.683 17.067 12.849 14.339 2.220 
87 227.529 150.677 71.585 59.491 17.836 26.155 9.479 12.402 4.067 
88 104.183 208.321 56.442 59.986 26.354 19.004 10.152 16.495 1.783 
89 195.263 128.595 69.549 54.100 25.197 31.328 17.541 14.536 2.803 
90 200.190 244.332 65.669 58.983 18.271 34.026 15.523 13.692 1.506 
91 207.219 184.883 77.116 54.373 20.082 27.147 16.062 16.594 0.680 
92 188.555 192.013 78.049 54.455 16.070 16.657 16.899 14.437 3.232 
93 105.295 262.637 80.447 46.915 25.529 23.015 14.430 13.784 1.239 
94 137.158 181.814 74.752 66.917 17.210 22.775 12.590 14.442 2.772 
95 130.404 186.228 82.256 50.268 18.182 26.496 11.219 13.820 2.398 
96 135.275 185.167 72.984 65.850 16.420 29.904 15.863 15.499 1.629 
97 249.254 240.454 55.225 51.747 19.516 33.915 17.711 16.187 2.549 
98 173.667 202.553 54.708 68.976 27.398 23.314 12.703 17.665 4.026 
99 255.117 291.310 62.414 48.638 20.524 20.879 15.337 16.668 2.771 
100 160.101 193.134 61.939 49.997 23.659 28.535 17.910 16.330 1.092 
101 129.382 270.949 63.641 44.272 27.003 28.049 13.752 11.014 2.165 
102 99.892 121.144 69.287 65.571 17.625 31.936 11.506 17.998 3.504 
 
Morphometries of shape for Echinochloa crus-galli 
Binary 
# 
Form 
Factor 
(Circ) Roundness Convexity Solidity Compactness 
Aspect 
Ratio Elongation Curl 
1 0.45 0.44 0.84 0.76 0.66 1.91 1.97 0.97 
2 0.55 0.54 0.89 0.81 0.73 1.58 1.85 0.85 
3 0.54 0.51 0.88 0.81 0.71 1.79 2.17 0.82 
4 0.40 0.37 0.83 0.73 0.61 2.11 2.50 0.84 
5 0.48 0.46 0.84 0.79 0.68 1.88 2.33 0.81 
6 0.47 0.42 0.85 0.78 0.65 2.01 2.31 0.87 
7 0.46 0.45 0.85 0.74 0.67 1.81 2.19 0.82 
8 0.44 0.40 0.85 0.75 0.63 2.12 2.60 0.82 
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9 0.47 0.48 0.84 0.76 0.69 1.69 2.13 0.79 
10 0.48 0.41 0.86 0.78 0.64 1.99 2.23 0.89 
11 0.45 0.47 0.83 0.75 0.69 1.71 2.26 0.76 
12 0.46 0.52 0.83 0.77 0.72 1.66 2.16 0.77 
13 0.49 0.40 0.88 0.82 0.63 2.28 2.54 0.90 
14 0.43 0.45 0.83 0.74 0.67 1.82 2.22 0.82 
15 0.45 0.36 0.89 0.76 0.60 2.30 2.64 0.87 
16 0.54 0.44 0.88 0.83 0.67 1.95 2.24 0.87 
17 0.44 0.34 0.89 0.75 0.58 2.48 2.79 0.89 
18 0.45 0.40 0.86 0.76 0.63 2.07 2.45 0.85 
19 0.41 0.39 0.82 0.73 0.63 1.87 2.33 0.80 
20 0.44 0.36 0.89 0.74 0.60 2.27 2.39 0.95 
21 0.42 0.32 0.88 0.77 0.56 2.67 3.11 0.86 
22 0.49 0.55 0.81 0.85 0.74 1.54 1.73 0.89 
23 0.47 0.67 0.78 0.83 0.82 1.18 1.61 0.73 
24 0.61 0.60 0.87 0.87 0.77 1.34 1.52 0.88 
25 0.64 0.59 0.89 0.89 0.77 1.46 1.63 0.90 
26 0.51 0.55 0.82 0.86 0.74 1.37 1.65 0.83 
27 0.52 0.66 0.80 0.85 0.81 1.21 1.62 0.75 
28 0.54 0.47 0.87 0.84 0.69 1.56 1.82 0.86 
29 0.47 0.56 0.81 0.80 0.75 1.28 1.57 0.81 
30 0.51 0.55 0.84 0.80 0.74 1.33 1.53 0.87 
31 0.52 0.56 0.81 0.86 0.75 1.50 1.69 0.88 
32 0.45 0.47 0.80 0.82 0.68 1.65 1.93 0.85 
33 0.43 0.39 0.86 0.73 0.63 2.00 2.33 0.86 
34 0.42 0.35 0.86 0.72 0.59 2.27 2.59 0.87 
35 0.471 0.609 0.829 0.730 0.696 2.042 3.101 0.842 
36 0.462 0.412 0.855 0.798 0.617 2.546 2.726 0.819 
37 0.590 0.633 0.835 0.826 0.805 2.399 1.785 0.784 
38 0.598 0.441 0.807 0.857 0.579 2.097 1.567 0.927 
39 0.580 0.338 0.872 0.857 0.770 1.298 1.751 0.783 
40 0.640 0.484 0.790 0.851 0.727 2.497 1.882 0.869 
41 0.432 0.423 0.854 0.815 0.681 2.339 1.994 0.820 
42 0.619 0.433 0.876 0.839 0.818 2.058 2.952 0.869 
43 0.512 0.323 0.827 0.887 0.811 1.754 2.392 0.929 
44 0.637 0.522 0.853 0.736 0.588 1.557 1.937 0.737 
45 0.611 0.323 0.867 0.769 0.770 2.175 2.113 0.902 
46 0.432 0.430 0.843 0.728 0.773 2.552 1.804 0.746 
47 0.555 0.342 0.845 0.744 0.676 1.930 2.213 0.924 
48 0.475 0.368 0.876 0.886 0.568 1.945 2.966 0.857 
49 0.409 0.656 0.794 0.772 0.786 1.864 2.579 0.794 
50 0.417 0.591 0.796 0.830 0.796 1.896 1.941 0.780 
51 0.443 0.554 0.856 0.837 0.563 2.327 3.051 0.733 
52 0.628 0.361 0.865 0.890 0.738 2.331 2.355 0.822 
53 0.555 0.558 0.826 0.790 0.771 2.421 3.075 0.806 
54 0.615 0.384 0.881 0.859 0.800 1.531 1.772 0.948 
55 0.581 0.320 0.790 0.838 0.796 1.182 1.737 0.836 
56 0.494 0.511 0.803 0.876 0.612 1.902 1.754 0.926 
57 0.621 0.598 0.786 0.857 0.793 2.176 2.266 0.902 
58 0.515 0.668 0.804 0.824 0.652 1.328 2.703 0.933 
59 0.594 0.325 0.823 0.847 0.685 2.410 2.593 0.791 
60 0.501 0.421 0.795 0.734 0.627 1.428 1.909 0.798 
61 0.599 0.389 0.850 0.828 0.774 1.513 2.853 0.863 
62 0.561 0.656 0.826 0.857 0.602 2.255 2.680 0.804 
63 0.639 0.631 0.869 0.847 0.644 1.978 2.140 0.891 
64 0.569 0.467 0.877 0.742 0.601 1.493 2.870 0.809 
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65 0.528 0.485 0.811 0.773 0.751 1.681 2.014 0.827 
66 0.454 0.530 0.798 0.761 0.819 2.310 1.988 0.929 
67 0.451 0.648 0.835 0.825 0.715 2.485 2.161 0.836 
68 0.569 0.572 0.827 0.865 0.585 1.456 2.374 0.829 
69 0.617 0.523 0.792 0.879 0.600 2.620 2.850 0.931 
70 0.497 0.509 0.821 0.788 0.696 1.186 2.938 0.803 
71 0.426 0.664 0.880 0.817 0.709 1.523 2.319 0.796 
72 0.406 0.615 0.822 0.791 0.572 1.230 3.098 0.804 
73 0.536 0.524 0.825 0.878 0.564 2.264 1.609 0.908 
74 0.518 0.535 0.880 0.746 0.634 2.187 1.620 0.899 
75 0.536 0.425 0.812 0.725 0.785 2.124 1.582 0.907 
76 0.623 0.584 0.791 0.806 0.800 2.397 2.614 0.736 
77 0.456 0.481 0.872 0.806 0.780 2.057 1.533 0.822 
78 0.525 0.638 0.854 0.850 0.606 2.441 2.708 0.945 
79 0.415 0.344 0.791 0.850 0.694 2.071 2.543 0.884 
80 0.606 0.628 0.790 0.797 0.763 1.223 1.943 0.743 
81 0.436 0.465 0.822 0.846 0.731 2.367 2.056 0.802 
82 0.571 0.559 0.791 0.754 0.772 2.450 2.375 0.780 
83 0.435 0.669 0.868 0.799 0.780 1.241 2.226 0.756 
84 0.609 0.611 0.877 0.733 0.740 1.472 2.538 0.941 
85 0.508 0.331 0.790 0.747 0.789 2.394 2.987 0.761 
86 0.464 0.351 0.791 0.838 0.576 2.293 2.444 0.836 
87 0.608 0.462 0.822 0.770 0.637 2.629 1.603 0.735 
88 0.434 0.575 0.886 0.854 0.779 2.351 2.430 0.753 
89 0.565 0.489 0.832 0.839 0.633 1.917 3.030 0.779 
90 0.519 0.614 0.846 0.773 0.576 1.497 1.537 0.919 
91 0.512 0.344 0.848 0.828 0.748 1.824 2.603 0.740 
92 0.438 0.383 0.833 0.805 0.691 1.334 2.300 0.885 
93 0.606 0.365 0.811 0.744 0.655 2.641 2.948 0.828 
94 0.497 0.370 0.856 0.829 0.792 2.255 2.572 0.906 
95 0.508 0.656 0.858 0.868 0.695 2.613 3.109 0.822 
96 0.435 0.341 0.790 0.778 0.809 2.088 2.946 0.770 
97 0.635 0.372 0.800 0.777 0.670 1.615 2.263 0.841 
98 0.537 0.581 0.869 0.832 0.788 2.223 3.002 0.920 
99 0.506 0.494 0.818 0.808 0.766 1.541 2.477 0.842 
100 0.524 0.579 0.806 0.789 0.746 1.207 2.157 0.952 
101 0.522 0.621 0.871 0.844 0.705 1.907 2.944 0.945 
102 0.494 0.593 0.782 0.812 0.684 1.571 2.857 0.873 
 
Morphometries of size for Setaria pumila 
Binary 
# 
Area 
µm² 
Convex 
Area µm² 
Perimeter 
µm 
Convex 
Perimeter 
µm 
Length 
(Feret) 
µm 
Fiber 
Length 
µm 
Width 
µm 
Equivalent 
Diameter 
(ArEquivD) 
µm 
Inscribed 
Radius 
(MinR) 
µm 
1 116.21 145.52 53.58 47.21 18.16 20.53 9.24 12.16 1.69 
2 114.60 157.01 56.08 48.47 18.49 21.00 9.54 12.08 1.26 
3 121.31 163.33 58.89 48.96 18.74 21.54 10.25 12.43 0.99 
4 134.37 175.33 61.35 50.22 19.44 22.87 10.80 13.08 0.43 
5 95.21 131.20 53.75 44.54 17.55 22.10 9.09 11.01 0.88 
6 108.08 141.42 54.47 47.45 18.71 20.69 8.86 11.73 1.20 
7 68.60 84.39 39.26 35.19 13.20 14.09 7.70 9.35 1.54 
8 56.26 68.75 35.20 30.95 11.42 13.07 7.42 8.46 1.48 
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9 105.27 124.83 49.37 41.86 15.38 17.01 9.57 11.58 1.71 
10 65.66 80.29 39.07 34.86 13.31 14.19 6.80 9.14 1.44 
11 113.14 136.16 51.42 43.83 15.68 17.87 10.91 12.00 2.93 
12 69.60 80.46 37.60 34.01 12.45 13.77 7.57 9.41 1.77 
13 110.45 121.15 46.89 43.76 17.19 19.03 8.15 11.86 2.55 
14 111.70 126.52 49.96 46.66 19.01 20.37 7.58 11.93 2.09 
15 99.76 119.24 48.29 43.38 16.92 17.89 7.84 11.27 1.48 
16 88.59 103.19 46.19 41.67 17.09 18.27 6.84 10.62 1.56 
17 97.01 110.61 46.79 43.70 17.91 18.98 7.27 11.11 1.96 
18 149.10 168.01 58.67 54.21 22.43 24.40 8.42 13.78 2.01 
19 91.89 106.77 46.53 42.57 17.13 18.83 7.16 10.82 1.47 
20 98.26 122.64 51.36 45.12 17.73 19.21 7.71 11.19 0.87 
21 87.59 101.60 45.57 41.55 16.87 18.55 6.66 10.56 1.66 
22 122.18 137.75 53.84 49.97 20.52 22.55 7.57 12.47 2.10 
23 122.629 84.757 45.258 49.084 12.563 22.523 8.133 9.575 2.583 
24 93.887 112.573 56.446 36.514 17.257 16.853 7.114 13.028 1.007 
25 148.176 109.057 58.898 52.739 11.918 13.427 8.209 9.647 1.197 
26 106.574 74.834 56.420 53.278 17.120 23.608 7.902 9.455 1.897 
27 123.801 105.429 53.293 40.212 20.444 22.011 9.661 13.263 1.342 
28 145.066 86.960 41.871 42.280 13.499 23.795 9.620 12.363 0.869 
29 138.851 141.220 43.043 48.153 18.206 17.830 7.537 11.903 0.861 
30 73.594 140.495 58.679 47.174 17.394 16.507 8.258 10.182 1.117 
31 61.554 138.030 43.135 47.274 17.402 14.846 8.493 10.671 1.271 
32 103.457 84.164 58.952 40.696 20.754 13.200 8.095 9.937 1.631 
33 135.797 99.409 37.207 43.991 22.271 19.149 10.049 10.873 2.601 
34 104.734 137.423 61.224 42.295 18.199 17.472 10.409 13.205 1.008 
35 82.845 75.004 47.463 46.809 12.739 13.841 6.871 12.662 0.515 
36 79.452 77.634 54.377 43.990 14.178 20.469 9.433 12.009 1.244 
37 110.939 94.240 56.177 43.275 20.960 23.460 7.575 9.030 2.901 
38 129.306 125.720 43.425 33.281 19.578 17.253 7.073 11.391 0.473 
39 129.127 136.582 61.334 35.760 18.233 20.817 10.541 9.832 1.389 
40 128.466 120.427 38.071 48.627 12.880 23.110 9.087 9.559 1.388 
41 125.090 173.820 44.927 50.712 12.697 23.453 8.595 11.107 1.833 
42 81.581 81.155 52.686 43.781 18.525 14.485 7.230 8.957 2.619 
43 58.202 120.314 50.912 40.338 14.733 21.849 10.173 8.513 1.115 
44 88.046 129.519 52.560 51.542 16.652 18.558 10.278 13.682 2.414 
45 106.471 80.535 58.722 39.875 21.355 20.643 7.277 10.138 0.590 
46 133.005 104.170 51.955 41.714 19.427 20.269 7.428 13.074 0.688 
47 92.580 127.170 59.553 46.500 19.528 16.873 7.401 11.822 2.451 
48 129.141 132.697 61.259 42.122 17.417 17.883 9.941 8.493 2.429 
49 68.116 116.233 50.599 40.873 20.771 16.053 9.423 10.938 1.522 
50 129.801 88.333 47.943 31.014 12.389 13.956 7.058 12.875 1.846 
51 96.096 84.904 44.043 38.000 20.582 22.247 8.185 12.532 1.074 
52 74.550 153.976 55.568 35.586 15.503 18.416 10.375 8.523 1.041 
53 71.182 132.937 54.834 44.030 15.840 23.184 8.269 12.989 2.255 
54 70.925 155.474 50.460 44.778 15.936 17.775 6.813 8.884 1.482 
55 137.797 117.996 36.081 52.097 15.766 22.467 7.832 10.594 2.350 
56 91.157 118.368 51.306 41.549 20.599 16.191 6.964 8.666 2.121 
57 75.855 124.428 56.135 47.642 12.676 19.831 9.590 13.686 2.796 
58 56.356 121.842 57.986 47.488 19.476 20.435 6.912 13.128 0.858 
59 108.750 154.976 52.731 51.102 16.444 18.229 7.070 10.640 0.658 
60 64.542 68.866 59.943 31.544 22.131 21.693 9.318 10.134 2.398 
61 64.792 173.948 49.655 44.387 17.480 18.797 7.962 9.407 0.500 
62 146.911 100.599 55.684 39.143 12.851 16.815 10.247 10.790 1.049 
63 120.109 114.017 37.240 32.366 13.379 19.038 9.219 13.561 2.346 
64 75.310 127.045 53.984 53.830 19.125 19.316 10.721 9.629 1.611 
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65 145.228 132.191 45.476 37.346 12.977 13.313 7.534 12.030 1.596 
66 137.610 114.690 57.789 40.136 14.517 19.574 8.834 13.623 1.443 
67 91.527 112.554 56.352 32.111 18.763 23.213 7.574 11.640 0.897 
68 105.106 95.001 36.829 35.546 20.630 21.988 9.638 10.203 0.778 
69 130.738 146.380 56.051 48.384 21.784 21.114 9.071 11.437 1.880 
70 101.576 111.884 50.826 39.765 18.439 22.214 8.958 10.580 2.606 
71 70.002 109.251 47.279 46.842 18.236 22.314 7.815 9.321 2.456 
72 98.543 114.807 61.222 49.520 14.247 23.878 9.351 11.737 1.684 
73 116.761 154.315 54.084 38.858 13.674 18.741 7.672 11.082 0.996 
74 82.491 72.386 57.672 38.773 17.764 21.355 6.803 12.984 1.454 
75 77.572 114.705 41.513 34.086 21.456 18.250 8.033 12.761 1.200 
76 62.832 81.911 60.763 54.143 13.394 16.047 10.451 10.044 2.047 
77 115.673 112.933 53.910 39.838 11.550 19.464 8.614 11.674 0.730 
78 92.782 96.133 45.053 37.761 15.997 21.285 10.676 11.589 2.530 
79 108.468 163.959 52.209 47.755 17.607 20.296 7.611 10.884 2.898 
80 146.051 86.577 53.940 43.073 19.824 13.155 9.559 13.445 2.865 
81 83.676 118.546 42.420 52.446 13.312 14.826 9.277 11.557 1.167 
82 122.085 135.566 57.441 41.834 14.991 23.413 9.862 9.271 1.298 
83 77.064 69.674 58.668 44.549 13.839 20.371 10.097 12.545 1.089 
84 63.739 86.508 54.993 46.202 12.712 21.335 9.623 9.607 0.975 
85 58.965 111.907 56.229 33.545 17.473 22.687 7.677 10.122 0.629 
86 69.563 164.012 45.594 32.964 12.666 13.827 8.737 10.052 1.593 
87 118.797 102.219 40.086 38.064 15.495 22.445 6.987 9.156 1.975 
88 60.828 158.483 56.766 50.291 22.316 14.049 7.202 10.481 1.095 
89 59.495 70.823 45.347 36.736 20.923 20.670 7.459 11.035 1.642 
90 88.299 142.891 61.004 47.970 12.394 16.458 10.827 13.597 2.303 
91 90.109 152.953 60.868 40.306 21.762 18.485 7.276 10.809 1.776 
92 71.117 144.561 59.126 37.547 13.356 22.614 8.716 8.558 1.197 
93 81.633 106.012 51.728 42.032 12.684 13.491 9.009 12.407 1.885 
94 95.516 80.178 42.809 49.653 15.531 21.547 6.983 10.657 1.539 
95 112.283 130.873 38.024 49.426 16.798 18.490 7.848 13.309 0.650 
96 76.843 69.111 49.281 41.931 17.469 13.336 10.797 13.547 2.626 
97 108.504 141.264 53.497 39.232 15.033 13.857 7.277 12.812 2.360 
98 116.828 148.754 43.137 50.789 19.874 15.713 9.810 9.702 2.869 
99 87.825 93.283 43.393 40.487 14.806 20.011 9.973 10.940 2.582 
100 119.214 130.536 43.757 42.710 19.593 19.174 9.497 8.949 2.829 
 
Morphometries of shape for Setaria pumila 
Binary # 
Form 
Factor 
(Circ) Roundness Convexity Solidity Compactness 
Aspect 
Ratio Elongation Curl 
1 0.51 0.45 0.88 0.80 0.67 1.97 2.22 0.89 
2 0.46 0.43 0.86 0.73 0.65 1.94 2.20 0.88 
3 0.44 0.44 0.83 0.74 0.66 1.83 2.10 0.87 
4 0.45 0.45 0.82 0.77 0.67 1.80 2.12 0.85 
5 0.41 0.39 0.83 0.73 0.63 1.93 2.43 0.79 
6 0.46 0.39 0.87 0.76 0.63 2.11 2.34 0.90 
7 0.56 0.50 0.90 0.81 0.71 1.72 1.83 0.94 
8 0.57 0.55 0.88 0.82 0.74 1.54 1.76 0.87 
9 0.54 0.57 0.85 0.84 0.75 1.61 1.78 0.90 
10 0.54 0.47 0.89 0.82 0.69 1.96 2.09 0.94 
11 0.54 0.59 0.85 0.83 0.77 1.44 1.64 0.88 
12 0.62 0.57 0.91 0.87 0.76 1.65 1.82 0.90 
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13 0.63 0.48 0.93 0.91 0.69 2.11 2.34 0.90 
14 0.56 0.39 0.93 0.88 0.63 2.51 2.69 0.93 
15 0.54 0.44 0.90 0.84 0.67 2.16 2.28 0.95 
16 0.52 0.39 0.90 0.86 0.62 2.50 2.67 0.94 
17 0.56 0.39 0.93 0.88 0.62 2.46 2.61 0.94 
18 0.54 0.38 0.92 0.89 0.61 2.67 2.90 0.92 
19 0.53 0.40 0.92 0.86 0.63 2.39 2.63 0.91 
20 0.47 0.40 0.88 0.80 0.63 2.30 2.49 0.92 
21 0.53 0.39 0.91 0.86 0.63 2.53 2.79 0.91 
22 0.53 0.37 0.93 0.89 0.61 2.71 2.98 0.91 
23 0.470 0.518 0.879 0.843 0.674 2.376 1.681 0.827 
24 0.447 0.506 0.901 0.804 0.746 2.510 1.816 0.897 
25 0.439 0.482 0.872 0.754 0.651 2.285 2.076 0.807 
26 0.554 0.542 0.870 0.831 0.732 2.377 2.473 0.823 
27 0.422 0.503 0.893 0.891 0.620 2.212 2.295 0.861 
28 0.483 0.395 0.901 0.778 0.635 2.124 2.008 0.820 
29 0.494 0.467 0.827 0.855 0.677 1.651 2.173 0.811 
30 0.590 0.411 0.898 0.882 0.629 2.475 2.599 0.916 
31 0.475 0.498 0.838 0.761 0.670 2.419 2.184 0.834 
32 0.493 0.484 0.824 0.806 0.639 2.314 1.871 0.856 
33 0.624 0.501 0.858 0.793 0.770 2.015 2.822 0.845 
34 0.570 0.481 0.827 0.805 0.632 1.466 2.281 0.938 
35 0.542 0.440 0.912 0.909 0.613 1.951 2.887 0.833 
36 0.456 0.506 0.897 0.778 0.756 2.602 2.454 0.927 
37 0.611 0.467 0.854 0.773 0.681 2.702 1.941 0.823 
38 0.620 0.531 0.894 0.838 0.632 2.429 2.113 0.862 
39 0.479 0.396 0.821 0.870 0.742 1.622 2.048 0.908 
40 0.598 0.402 0.914 0.886 0.630 2.157 2.323 0.898 
41 0.538 0.566 0.876 0.835 0.734 2.570 2.073 0.949 
42 0.517 0.470 0.879 0.852 0.735 2.661 2.605 0.790 
43 0.450 0.502 0.863 0.759 0.746 2.206 2.567 0.812 
44 0.625 0.429 0.896 0.747 0.637 1.965 2.664 0.946 
45 0.428 0.475 0.901 0.758 0.672 1.852 1.779 0.804 
46 0.538 0.380 0.916 0.757 0.627 2.319 2.731 0.838 
47 0.534 0.554 0.867 0.760 0.696 2.596 2.619 0.826 
48 0.431 0.554 0.867 0.836 0.721 1.448 2.710 0.862 
49 0.570 0.370 0.879 0.804 0.699 1.985 2.604 0.863 
50 0.527 0.474 0.858 0.758 0.768 2.438 2.447 0.854 
51 0.417 0.416 0.880 0.763 0.709 1.535 2.764 0.940 
52 0.499 0.484 0.881 0.799 0.723 1.595 2.435 0.949 
53 0.522 0.542 0.846 0.841 0.666 2.322 2.121 0.931 
54 0.418 0.447 0.902 0.798 0.703 1.797 2.574 0.822 
55 0.508 0.420 0.859 0.832 0.709 2.401 2.002 0.871 
56 0.538 0.455 0.864 0.900 0.627 2.186 2.618 0.851 
57 0.455 0.510 0.912 0.762 0.717 2.590 2.906 0.884 
58 0.586 0.510 0.850 0.828 0.745 1.463 2.223 0.890 
59 0.588 0.580 0.896 0.807 0.709 1.765 2.842 0.843 
60 0.521 0.493 0.831 0.748 0.620 2.196 2.690 0.890 
61 0.510 0.385 0.906 0.762 0.666 2.531 2.506 0.938 
62 0.552 0.373 0.879 0.845 0.766 2.037 2.421 0.900 
63 0.522 0.412 0.930 0.731 0.758 2.273 1.836 0.806 
64 0.488 0.418 0.911 0.750 0.677 2.107 1.766 0.935 
65 0.470 0.587 0.826 0.814 0.681 2.697 1.970 0.924 
66 0.505 0.494 0.898 0.773 0.665 2.501 2.924 0.847 
67 0.552 0.573 0.858 0.903 0.617 2.471 2.508 0.864 
68 0.494 0.430 0.861 0.864 0.686 1.953 1.790 0.909 
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69 0.554 0.430 0.828 0.802 0.741 2.074 2.744 0.901 
70 0.619 0.506 0.905 0.874 0.736 1.820 2.339 0.819 
71 0.566 0.374 0.899 0.813 0.664 2.586 2.774 0.927 
72 0.616 0.374 0.823 0.826 0.730 2.004 2.227 0.802 
73 0.544 0.425 0.828 0.846 0.763 2.704 2.777 0.943 
74 0.421 0.429 0.845 0.897 0.698 2.131 1.680 0.898 
75 0.448 0.458 0.924 0.889 0.681 1.641 2.343 0.838 
76 0.568 0.566 0.929 0.834 0.682 2.606 2.064 0.829 
77 0.557 0.532 0.928 0.831 0.622 1.499 1.917 0.880 
78 0.516 0.427 0.876 0.759 0.715 2.381 1.723 0.850 
79 0.618 0.413 0.874 0.830 0.629 2.470 2.404 0.930 
80 0.584 0.469 0.867 0.731 0.615 1.709 2.844 0.817 
81 0.413 0.449 0.865 0.760 0.693 1.535 2.721 0.929 
82 0.522 0.425 0.882 0.753 0.740 1.933 1.848 0.931 
83 0.581 0.382 0.842 0.752 0.753 1.738 2.815 0.809 
84 0.591 0.385 0.922 0.779 0.732 2.467 2.093 0.903 
85 0.446 0.529 0.846 0.850 0.633 1.521 1.714 0.829 
86 0.535 0.466 0.913 0.737 0.700 1.826 2.051 0.821 
87 0.444 0.482 0.912 0.881 0.635 2.540 1.914 0.885 
88 0.484 0.554 0.827 0.834 0.629 1.618 1.870 0.885 
89 0.463 0.377 0.851 0.903 0.657 2.564 1.646 0.840 
90 0.424 0.546 0.882 0.766 0.761 2.706 2.140 0.853 
91 0.621 0.469 0.838 0.885 0.770 2.260 1.662 0.851 
92 0.414 0.382 0.839 0.807 0.693 1.953 1.728 0.900 
93 0.625 0.482 0.845 0.847 0.704 2.335 2.273 0.925 
94 0.612 0.498 0.903 0.812 0.669 2.462 2.424 0.875 
95 0.414 0.566 0.855 0.764 0.678 2.216 2.512 0.876 
96 0.591 0.585 0.900 0.805 0.704 2.181 1.948 0.812 
97 0.557 0.423 0.885 0.804 0.664 2.471 2.200 0.946 
98 0.555 0.388 0.837 0.896 0.633 2.132 2.742 0.850 
99 0.475 0.570 0.897 0.898 0.740 1.665 2.492 0.856 
100 0.530 0.462 0.853 0.733 0.683 1.712 2.153 0.949 
 
Morphometries of size for Setaria viridis 
Binary 
# 
Area 
µm² 
Convex 
Area 
µm² 
Perimeter 
µm 
Convex 
Perimeter 
µm 
Length 
(Feret) 
µm 
Fiber 
Length 
µm 
Width 
µm 
Equivalent 
Diameter 
(ArEquivD) 
µm 
Inscribed 
Radius 
(MinR) 
µm 
1 88.98 113.99 50.04 44.29 18.06 19.22 7.25 10.64 0.68 
2 84.67 122.94 50.72 46.22 18.59 20.38 7.58 10.38 1.30 
3 53.75 65.35 34.70 31.91 11.98 14.25 6.87 8.27 1.56 
4 621.03 885.75 135.74 117.53 46.07 51.99 23.25 28.12 3.21 
5 494.44 630.09 113.37 99.02 37.25 41.85 18.69 25.09 1.92 
6 364.13 473.42 102.23 85.40 34.88 38.75 17.94 21.53 2.60 
7 336.50 485.63 106.88 92.25 37.14 43.69 14.63 20.70 1.04 
8 663.96 860.12 139.23 114.37 44.39 49.52 23.45 29.08 2.45 
9 840.24 1117.68 149.36 127.80 49.23 56.62 27.35 32.71 3.83 
10 832.55 1085.27 152.09 128.63 50.89 57.46 25.59 32.56 3.12 
11 695.14 909.61 134.87 116.32 43.07 50.25 24.47 29.75 4.06 
12 447.20 599.00 109.25 96.36 37.33 41.70 19.09 23.86 2.88 
13 95.83 129.54 53.50 45.42 17.89 19.51 8.61 11.05 0.49 
14 115.43 157.53 58.32 49.09 18.51 21.67 9.93 12.12 0.67 
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15 99.38 129.07 50.93 43.92 16.99 18.06 8.97 11.25 1.16 
16 115.27 156.98 58.32 48.63 19.69 22.42 9.87 12.11 1.16 
18 620.61 803.83 132.83 111.91 44.51 49.72 22.08 28.11 2.03 
19 773.73 1076.15 151.82 127.37 49.15 56.96 25.67 31.39 2.28 
20 825.53 1067.16 147.54 129.02 50.99 54.89 25.17 32.42 3.49 
21 733.67 962.48 140.03 120.50 45.47 52.52 24.38 30.56 3.93 
22 370.30 480.07 100.01 84.42 31.01 36.33 17.78 21.71 2.55 
23 384.25 490.99 101.72 85.01 32.12 37.69 18.09 22.12 2.69 
24 455.99 631.91 119.55 97.28 37.48 43.31 20.62 24.10 2.24 
25 528.41 739.87 127.43 104.80 39.43 47.11 22.51 25.94 2.72 
26 123.97 169.23 58.60 49.87 18.93 20.79 10.50 12.56 1.25 
27 83.24 117.81 48.50 42.06 16.10 18.35 8.61 10.30 1.06 
28 102.93 138.61 54.49 44.87 16.86 19.73 10.22 11.45 1.02 
29 130.90 175.05 60.44 51.18 19.42 22.61 10.96 12.91 1.41 
30 116.53 154.94 56.98 48.05 18.68 21.32 10.04 12.18 0.94 
31 50.70 60.61 33.23 29.65 11.36 13.57 6.28 8.04 1.24 
32 101.83 145.29 55.41 47.69 18.51 20.35 9.64 11.39 0.51 
33 442.38 533.39 106.88 89.73 34.38 36.83 17.82 23.73 1.73 
34 428.78 534.80 102.03 90.43 35.32 38.17 17.32 23.37 2.53 
35 337.85 460.46 97.99 83.28 31.93 36.36 17.21 20.74 1.48 
36 426.08 537.30 103.19 89.74 33.19 38.32 18.45 23.29 3.10 
37 317.99 372.23 81.29 73.40 27.06 30.25 15.73 20.12 3.85 
38 239.49 311.10 77.53 67.11 24.96 28.51 15.22 17.46 2.01 
39 294.92 407.91 92.07 77.08 27.66 33.14 17.79 19.38 1.90 
40 323.99 472.81 100.50 83.07 30.59 35.71 17.61 20.31 0.77 
41 295.94 408.44 90.70 76.76 28.16 31.90 17.56 19.41 2.88 
42 481.68 698.95 126.22 103.97 39.06 45.32 21.63 24.77 1.13 
43 491.31 723.64 127.18 108.49 42.32 46.09 19.66 25.01 1.27 
44 348.58 448.71 95.93 85.79 34.84 38.07 15.05 21.07 2.66 
45 235.01 341.84 84.75 73.63 29.66 33.45 14.28 17.30 1.66 
46 269.23 330.46 79.67 71.84 27.86 32.60 14.54 18.52 3.38 
47 260.36 339.85 83.65 73.70 29.84 32.50 13.36 18.21 1.71 
48 287.06 462.28 107.63 92.93 37.24 42.29 13.44 19.12 1.54 
49 286.47 426.46 97.72 81.92 31.91 34.24 15.10 19.10 0.84 
50 183.55 280.84 75.98 67.38 26.18 29.26 12.61 15.29 1.88 
51 322.47 410.12 92.96 83.46 34.40 37.54 14.06 20.26 1.79 
52 261.12 364.13 88.54 76.10 30.63 34.93 15.41 18.23 1.49 
53 259.35 347.45 85.43 71.74 27.14 31.95 14.83 18.17 2.16 
54 318.33 385.17 87.10 78.24 30.56 33.33 14.24 20.13 2.64 
55 355.51 481.14 103.93 93.52 37.83 41.90 14.04 21.28 1.55 
56 242.36 371.41 93.96 77.14 29.07 34.84 14.83 17.57 0.54 
57 341.82 527.93 109.93 89.19 33.60 40.62 18.14 20.86 0.53 
58 338.44 485.16 106.20 88.99 34.56 37.98 15.61 20.76 0.69 
59 539.57 691.11 121.70 104.76 41.20 47.29 19.19 26.21 2.38 
60 418.47 579.84 116.05 101.73 42.45 46.60 15.64 23.08 1.14 
61 319.01 415.66 89.28 78.77 29.57 33.77 17.13 20.15 2.41 
62 413.32 619.80 117.87 96.95 35.01 41.15 20.06 22.94 1.48 
63 329.40 390.49 85.66 74.83 27.41 31.54 17.63 20.48 4.46 
64 542.19 756.62 124.73 107.64 41.40 47.19 21.00 26.27 2.27 
65 253.43 334.41 82.14 71.90 27.39 30.43 14.54 17.96 1.96 
66 299.06 357.66 82.72 73.06 27.24 29.91 14.54 19.51 2.79 
67 303.71 367.02 81.77 71.94 25.95 30.67 17.44 19.67 2.88 
68 336.84 403.69 87.78 79.31 30.51 34.68 15.35 20.71 3.57 
69 343.43 479.55 101.00 85.74 32.20 37.01 16.87 20.91 2.17 
70 265.26 344.88 86.00 75.66 29.35 33.11 13.66 18.38 1.58 
71 279.29 343.81 81.56 72.43 27.28 29.17 14.91 18.86 2.81 
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72 309.88 444.01 101.19 88.17 34.68 39.07 14.24 19.86 1.12 
73 235.35 299.31 76.52 69.07 27.32 29.85 12.79 17.31 2.32 
74 337.01 406.84 92.60 80.94 32.03 35.09 14.70 20.71 2.16 
75 322.56 464.36 105.19 86.53 32.17 38.88 16.36 20.27 0.44 
76 401.15 492.94 102.51 88.52 35.03 38.25 16.11 22.60 2.31 
77 365.23 533.29 109.30 94.00 36.28 40.42 15.92 21.56 1.58 
78 437.65 582.63 111.75 93.88 35.61 38.67 18.61 23.61 1.32 
79 397.85 507.40 103.83 86.36 32.11 36.14 18.00 22.51 2.33 
80 436.22 525.73 105.21 93.22 37.52 41.27 15.99 23.57 2.43 
81 497.90 593.78 112.10 94.32 36.25 39.26 18.61 25.18 1.43 
82 324.25 465.89 102.09 86.30 32.55 38.49 15.91 20.32 0.76 
83 389.65 532.87 107.64 90.02 33.50 38.42 17.88 22.27 0.96 
84 445.17 580.93 114.21 96.22 38.31 41.69 17.15 23.81 1.52 
85 461.57 623.70 118.70 101.44 40.85 45.58 17.60 24.24 1.20 
86 413.32 523.13 103.84 92.41 36.41 39.52 16.20 22.94 2.21 
87 418.22 561.78 111.10 95.67 38.00 40.15 16.35 23.08 1.07 
88 405.88 510.29 105.79 88.49 35.22 42.32 17.66 22.73 1.51 
89 351.37 512.37 106.78 90.12 34.22 38.58 16.86 21.15 1.33 
90 522.58 650.67 119.84 101.32 39.11 42.72 19.05 25.80 1.91 
91 431.31 510.80 101.98 90.31 34.96 38.89 16.86 23.43 3.34 
92 388.47 470.77 101.71 86.63 33.47 37.71 15.99 22.24 2.04 
93 418.39 518.02 103.49 87.93 32.80 37.95 17.87 23.08 2.10 
94 408.33 524.36 102.99 89.21 34.00 36.96 17.80 22.80 2.51 
95 418.13 534.64 105.18 87.89 32.68 38.18 19.25 23.07 2.74 
96 431.99 544.88 103.67 89.59 32.94 37.49 19.15 23.45 3.29 
97 425.82 515.30 100.37 87.29 32.05 37.25 18.47 23.29 3.63 
98 428.36 526.37 101.79 88.16 32.65 36.79 18.80 23.35 3.43 
99 409.68 508.13 104.04 86.27 32.41 36.74 18.39 22.84 2.03 
100 428.36 526.60 105.45 87.22 32.01 34.81 18.91 23.35 1.84 
101 407.40 503.24 101.34 85.50 31.82 35.65 19.36 22.78 3.22 
102 409.26 509.28 101.83 87.32 34.38 40.51 17.95 22.83 3.07 
103 350.11 466.11 100.55 89.45 36.48 40.15 14.27 21.11 1.20 
104 382.98 475.69 99.90 88.96 36.11 40.08 14.91 22.08 2.24 
105 370.30 507.89 101.79 91.39 35.87 38.03 15.79 21.71 1.99 
106 316.30 438.35 96.34 82.92 31.44 35.12 16.56 20.07 1.61 
107 369.29 489.08 101.01 86.40 32.63 35.92 17.22 21.68 1.63 
108 333.88 428.55 91.25 80.68 30.73 32.52 16.01 20.62 2.72 
109 394.98 522.93 104.94 91.60 35.47 38.70 17.07 22.43 2.04 
110 457.85 609.74 113.46 98.21 38.59 42.57 17.88 24.14 1.69 
111 420.92 579.14 114.12 99.27 41.89 46.02 16.63 23.15 1.42 
112 499.85 652.42 118.56 104.05 41.11 47.82 18.42 25.23 2.29 
113 355.01 460.88 102.13 89.93 36.28 39.07 13.81 21.26 1.37 
114 430.55 573.95 110.89 95.89 37.14 41.12 17.18 23.41 1.94 
115 466.38 635.25 115.55 99.16 37.95 42.17 19.79 24.37 2.38 
116 292.05 382.89 86.32 75.97 28.63 31.44 15.29 19.28 2.61 
117 508.97 594.99 102.85 91.91 33.75 37.93 21.62 25.46 4.98 
118 387.54 464.94 93.41 81.52 30.18 35.53 17.53 22.21 3.43 
119 368.10 442.37 92.76 79.70 30.28 36.64 18.74 21.65 3.23 
120 470.69 621.25 116.16 97.61 37.31 40.81 19.19 24.48 1.55 
121 599.06 801.94 131.80 110.87 41.94 47.87 21.61 27.62 1.75 
122 324.33 426.32 97.45 81.55 32.68 34.59 15.62 20.32 1.07 
123 294.42 387.23 91.52 80.79 32.65 36.50 13.84 19.36 0.86 
124 299.40 404.69 96.51 84.74 35.12 37.33 13.07 19.53 0.79 
125 376.13 521.63 104.01 89.18 33.98 38.03 17.07 21.88 1.87 
126 77.15 101.23 46.72 40.19 16.30 17.25 7.65 9.91 0.83 
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Morphometries of shape for Setaria viridis 
Binary 
# 
Form 
Factor 
(Circ) Roundness Convexity Solidity Compactness 
Aspect 
Ratio Elongation Curl 
1 0.45 0.35 0.89 0.78 0.59 2.49 2.65 0.94 
2 0.41 0.31 0.91 0.69 0.56 2.45 2.69 0.91 
3 0.56 0.48 0.92 0.82 0.69 1.74 2.07 0.84 
4 0.42 0.37 0.87 0.70 0.61 1.98 2.24 0.89 
5 0.48 0.45 0.87 0.79 0.67 1.99 2.24 0.89 
6 0.44 0.38 0.84 0.77 0.62 1.95 2.16 0.90 
7 0.37 0.31 0.86 0.69 0.56 2.54 2.99 0.85 
8 0.43 0.43 0.82 0.77 0.66 1.89 2.11 0.90 
9 0.47 0.44 0.86 0.75 0.66 1.80 2.07 0.87 
10 0.45 0.41 0.85 0.77 0.64 1.99 2.25 0.89 
11 0.48 0.48 0.86 0.76 0.69 1.76 2.05 0.86 
12 0.47 0.41 0.88 0.75 0.64 1.96 2.18 0.90 
13 0.42 0.38 0.85 0.74 0.62 2.08 2.27 0.92 
14 0.43 0.43 0.84 0.73 0.66 1.86 2.18 0.85 
15 0.48 0.44 0.86 0.77 0.66 1.89 2.01 0.94 
16 0.43 0.38 0.83 0.73 0.62 2.00 2.27 0.88 
18 0.44 0.40 0.84 0.77 0.63 2.02 2.25 0.90 
19 0.42 0.41 0.84 0.72 0.64 1.91 2.22 0.86 
20 0.48 0.40 0.87 0.77 0.64 2.03 2.18 0.93 
21 0.47 0.45 0.86 0.76 0.67 1.87 2.15 0.87 
22 0.47 0.49 0.84 0.77 0.70 1.74 2.04 0.85 
23 0.47 0.47 0.84 0.78 0.69 1.78 2.08 0.85 
24 0.40 0.41 0.81 0.72 0.64 1.82 2.10 0.87 
25 0.41 0.43 0.82 0.71 0.66 1.75 2.09 0.84 
26 0.45 0.44 0.85 0.73 0.66 1.80 1.98 0.91 
27 0.45 0.41 0.87 0.71 0.64 1.87 2.13 0.88 
28 0.44 0.46 0.82 0.74 0.68 1.65 1.93 0.86 
29 0.45 0.44 0.85 0.75 0.67 1.77 2.06 0.86 
30 0.45 0.43 0.84 0.75 0.65 1.86 2.12 0.88 
31 0.58 0.50 0.89 0.84 0.71 1.81 2.16 0.84 
32 0.42 0.38 0.86 0.70 0.62 1.92 2.11 0.91 
33 0.49 0.48 0.84 0.83 0.69 1.93 2.07 0.93 
34 0.52 0.44 0.89 0.80 0.66 2.04 2.20 0.93 
35 0.44 0.42 0.85 0.73 0.65 1.86 2.11 0.88 
36 0.50 0.49 0.87 0.79 0.70 1.80 2.08 0.87 
37 0.61 0.55 0.90 0.85 0.74 1.72 1.92 0.89 
38 0.50 0.49 0.87 0.77 0.70 1.64 1.87 0.88 
39 0.44 0.49 0.84 0.72 0.70 1.56 1.86 0.84 
40 0.40 0.44 0.83 0.69 0.66 1.74 2.03 0.86 
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41 0.45 0.48 0.85 0.73 0.69 1.60 1.82 0.88 
42 0.38 0.40 0.82 0.69 0.63 1.81 2.10 0.86 
43 0.38 0.35 0.85 0.68 0.59 2.15 2.34 0.92 
44 0.48 0.37 0.89 0.78 0.61 2.32 2.53 0.92 
45 0.41 0.34 0.87 0.69 0.58 2.08 2.34 0.89 
46 0.53 0.44 0.90 0.82 0.67 1.92 2.24 0.85 
47 0.47 0.37 0.88 0.77 0.61 2.23 2.43 0.92 
48 0.31 0.26 0.86 0.62 0.51 2.77 3.15 0.88 
49 0.38 0.36 0.84 0.67 0.60 2.11 2.27 0.93 
50 0.40 0.34 0.89 0.65 0.58 2.08 2.32 0.90 
51 0.47 0.35 0.90 0.79 0.59 2.45 2.67 0.92 
52 0.42 0.35 0.86 0.72 0.60 1.99 2.27 0.88 
53 0.45 0.45 0.84 0.75 0.67 1.83 2.16 0.85 
54 0.53 0.43 0.90 0.83 0.66 2.15 2.34 0.92 
55 0.41 0.32 0.90 0.74 0.56 2.70 2.99 0.90 
56 0.35 0.37 0.82 0.65 0.60 1.96 2.35 0.83 
57 0.36 0.39 0.81 0.65 0.62 1.85 2.24 0.83 
58 0.38 0.36 0.84 0.70 0.60 2.21 2.43 0.91 
59 0.46 0.41 0.86 0.78 0.64 2.15 2.47 0.87 
60 0.39 0.30 0.88 0.72 0.54 2.71 2.98 0.91 
61 0.50 0.47 0.88 0.77 0.68 1.73 1.97 0.88 
62 0.37 0.43 0.82 0.67 0.66 1.75 2.05 0.85 
63 0.56 0.56 0.87 0.84 0.75 1.56 1.79 0.87 
64 0.44 0.40 0.86 0.72 0.64 1.97 2.25 0.88 
65 0.47 0.43 0.88 0.76 0.66 1.89 2.09 0.90 
66 0.55 0.51 0.88 0.84 0.72 1.87 2.06 0.91 
67 0.57 0.57 0.88 0.83 0.76 1.49 1.76 0.85 
68 0.55 0.46 0.90 0.83 0.68 1.99 2.26 0.88 
69 0.42 0.42 0.85 0.72 0.65 1.91 2.19 0.87 
70 0.45 0.39 0.88 0.77 0.63 2.15 2.42 0.89 
71 0.53 0.48 0.89 0.81 0.69 1.83 1.96 0.94 
72 0.38 0.33 0.87 0.70 0.57 2.44 2.74 0.89 
73 0.51 0.40 0.90 0.79 0.63 2.14 2.33 0.92 
74 0.49 0.42 0.87 0.83 0.65 2.18 2.39 0.91 
75 0.37 0.40 0.82 0.70 0.63 1.97 2.38 0.83 
76 0.48 0.42 0.86 0.81 0.65 2.18 2.37 0.92 
77 0.38 0.35 0.86 0.69 0.59 2.28 2.54 0.90 
78 0.44 0.44 0.84 0.75 0.66 1.91 2.08 0.92 
79 0.46 0.49 0.83 0.78 0.70 1.78 2.01 0.89 
80 0.50 0.40 0.89 0.83 0.63 2.35 2.58 0.91 
81 0.50 0.48 0.84 0.84 0.70 1.95 2.11 0.92 
82 0.39 0.39 0.85 0.70 0.62 2.05 2.42 0.85 
83 0.42 0.44 0.84 0.73 0.67 1.87 2.15 0.87 
84 0.43 0.39 0.84 0.77 0.62 2.23 2.43 0.92 
85 0.41 0.35 0.86 0.74 0.59 2.32 2.59 0.90 
86 0.48 0.40 0.89 0.79 0.63 2.25 2.44 0.92 
87 0.43 0.37 0.86 0.74 0.61 2.32 2.46 0.95 
88 0.46 0.42 0.84 0.80 0.65 1.99 2.40 0.83 
89 0.39 0.38 0.84 0.69 0.62 2.03 2.29 0.89 
90 0.46 0.44 0.85 0.80 0.66 2.05 2.24 0.92 
91 0.52 0.45 0.89 0.84 0.67 2.07 2.31 0.90 
92 0.47 0.44 0.85 0.83 0.67 2.09 2.36 0.89 
93 0.49 0.50 0.85 0.81 0.70 1.84 2.12 0.86 
94 0.48 0.45 0.87 0.78 0.67 1.91 2.08 0.92 
95 0.48 0.50 0.84 0.78 0.71 1.70 1.98 0.86 
96 0.51 0.51 0.86 0.79 0.71 1.72 1.96 0.88 
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97 0.53 0.53 0.87 0.83 0.73 1.74 2.02 0.86 
98 0.52 0.51 0.87 0.81 0.72 1.74 1.96 0.89 
99 0.48 0.50 0.83 0.81 0.71 1.76 2.00 0.88 
100 0.48 0.53 0.83 0.81 0.73 1.69 1.84 0.92 
101 0.50 0.51 0.84 0.81 0.72 1.64 1.84 0.89 
102 0.50 0.44 0.86 0.80 0.66 1.92 2.26 0.85 
103 0.44 0.34 0.89 0.75 0.58 2.56 2.81 0.91 
104 0.48 0.37 0.89 0.81 0.61 2.42 2.69 0.90 
105 0.45 0.37 0.90 0.73 0.61 2.27 2.41 0.94 
106 0.43 0.41 0.86 0.72 0.64 1.90 2.12 0.90 
107 0.46 0.44 0.86 0.76 0.67 1.90 2.09 0.91 
108 0.50 0.45 0.88 0.78 0.67 1.92 2.03 0.95 
109 0.45 0.40 0.87 0.76 0.63 2.08 2.27 0.92 
110 0.45 0.39 0.87 0.75 0.63 2.16 2.38 0.91 
111 0.41 0.31 0.87 0.73 0.55 2.52 2.77 0.91 
112 0.45 0.38 0.88 0.77 0.61 2.23 2.60 0.86 
113 0.43 0.34 0.88 0.77 0.59 2.63 2.83 0.93 
114 0.44 0.40 0.87 0.75 0.63 2.16 2.39 0.90 
115 0.44 0.41 0.86 0.73 0.64 1.92 2.13 0.90 
116 0.49 0.45 0.88 0.76 0.67 1.87 2.06 0.91 
117 0.61 0.57 0.89 0.86 0.75 1.56 1.75 0.89 
118 0.56 0.54 0.87 0.83 0.74 1.72 2.03 0.85 
119 0.54 0.51 0.86 0.83 0.72 1.62 1.96 0.83 
120 0.44 0.43 0.84 0.76 0.66 1.94 2.13 0.91 
121 0.43 0.43 0.84 0.75 0.66 1.94 2.22 0.88 
122 0.43 0.39 0.84 0.76 0.62 2.09 2.22 0.95 
123 0.44 0.35 0.88 0.76 0.59 2.36 2.64 0.90 
124 0.40 0.31 0.88 0.74 0.56 2.69 2.86 0.94 
125 0.44 0.42 0.86 0.72 0.64 1.99 2.23 0.89 
126 0.44 0.37 0.86 0.76 0.61 2.13 2.26 0.95 
 
Morphometries of size for Arundo donax 
Binary 
# 
Area 
µm² 
Convex 
Area µm² 
Perimeter 
µm 
Convex 
Perimeter 
µm 
Length 
(Feret) 
µm 
Fiber 
Length 
µm 
Width 
µm 
Equivalent 
Diameter 
(ArEquivD) 
µm 
Inscribed 
Radius 
(MinR) 
µm 
1 369.71 414.23 88.11 75.33 26.76 31.50 18.12 21.70 3.99 
2 303.18 344.55 78.89 68.44 24.97 28.72 16.41 19.65 3.95 
3 277.88 312.42 75.88 65.95 24.24 26.03 15.22 18.81 3.68 
4 186.59 208.12 62.47 53.31 19.78 22.44 13.44 15.41 3.60 
5 202.35 226.56 66.42 56.26 21.17 25.58 13.66 16.05 3.28 
6 278.09 328.05 83.58 67.55 23.83 28.96 16.25 18.82 3.12 
7 244.17 286.33 78.42 63.57 23.31 29.06 14.74 17.63 1.83 
8 186.93 203.88 59.62 52.66 18.83 21.56 13.54 15.43 3.63 
9 273.10 314.16 77.32 65.52 23.54 28.54 15.72 18.65 3.13 
10 236.96 275.17 74.39 64.24 24.21 28.07 13.25 17.37 2.27 
11 293.84 334.99 80.73 70.62 27.42 30.07 14.76 19.34 2.74 
12 220.80 259.35 72.60 61.69 23.42 27.09 13.15 16.77 2.25 
13 297.80 362.62 89.50 74.27 27.37 32.94 15.06 19.47 2.50 
14 507.46 589.29 112.93 93.16 34.31 39.23 20.15 25.42 3.69 
15 456.37 521.72 102.61 85.17 31.67 38.20 20.64 24.11 4.16 
16 234.70 261.97 70.16 60.50 22.43 25.05 13.67 17.29 2.83 
17 222.21 238.60 63.26 57.12 20.52 23.13 13.82 16.82 4.36 
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18 341.61 405.49 89.82 76.48 28.98 34.00 15.94 20.86 2.84 
19 371.28 432.30 94.30 79.87 32.07 36.62 16.96 21.74 3.34 
20 357.49 406.32 87.21 74.87 26.64 32.02 17.46 21.34 3.91 
21 269.16 308.95 79.72 67.03 25.73 28.56 14.07 18.51 2.20 
22 268.05 308.33 79.08 65.34 23.25 26.14 15.55 18.47 2.71 
23 285.01 333.85 83.62 71.27 28.08 31.68 14.01 19.05 2.28 
24 382.50 433.67 93.47 77.95 28.90 34.10 17.58 22.07 3.36 
25 266.04 315.55 79.17 65.66 23.55 28.36 17.77 18.41 3.17 
26 381.53 460.41 94.16 80.51 29.93 34.49 18.60 22.04 3.84 
27 333.53 403.01 93.00 75.82 27.43 33.89 17.92 20.61 3.13 
28 394.34 473.21 105.19 80.32 29.74 40.36 20.53 22.41 1.97 
29 236.50 290.04 75.61 63.35 23.59 26.64 15.26 17.35 2.52 
30 343.74 402.16 87.83 75.16 28.46 31.64 18.27 20.92 4.13 
31 182.50 201.54 60.01 52.21 18.34 21.57 14.07 15.24 3.83 
32 389.854 381.863 88.105 64.528 28.052 34.134 19.069 25.142 2.815 
33 187.030 249.005 77.912 75.827 22.245 38.567 15.735 20.405 3.149 
34 398.527 321.365 103.891 60.979 20.005 28.537 13.425 16.074 3.310 
35 402.954 492.046 110.868 80.063 26.343 40.353 15.015 18.059 3.018 
36 224.541 259.507 101.428 62.134 22.654 26.486 15.449 20.632 2.650 
37 347.346 289.087 99.003 89.394 18.595 35.796 18.644 18.002 2.172 
38 476.848 207.465 108.943 86.599 25.944 30.963 16.040 20.083 2.945 
39 409.938 279.261 96.241 59.189 24.992 35.565 17.009 18.459 2.260 
40 359.854 276.011 68.841 79.914 25.507 23.590 17.743 17.618 3.522 
41 460.181 407.973 69.740 52.900 26.701 33.009 16.110 21.725 2.980 
42 249.403 536.284 111.788 58.232 24.396 36.236 15.815 22.207 3.818 
43 225.820 249.493 68.181 64.245 33.429 24.687 20.591 15.939 2.181 
44 420.936 254.447 65.835 77.882 18.446 24.779 14.724 16.757 2.169 
45 285.959 331.743 74.357 62.995 32.490 22.180 18.140 15.810 3.120 
46 246.742 483.175 94.939 91.358 31.947 35.737 15.268 19.337 3.324 
47 479.613 560.671 109.093 75.298 23.106 33.639 14.258 19.046 2.176 
48 372.591 308.569 61.960 57.355 20.123 21.724 15.015 21.393 4.315 
49 340.271 221.401 69.883 60.924 26.179 25.119 14.017 20.852 3.792 
50 400.744 543.465 75.250 52.624 31.829 37.140 17.536 18.445 2.667 
51 333.397 377.597 71.515 82.799 18.766 36.430 20.026 20.884 4.318 
52 320.467 386.455 96.171 76.094 23.749 35.351 20.581 24.012 3.703 
53 199.091 225.211 102.361 72.021 32.683 37.048 15.969 19.556 3.392 
54 420.692 463.055 72.274 84.174 27.370 24.563 19.581 23.141 4.175 
55 327.101 390.792 108.837 72.355 28.099 30.338 14.594 19.402 2.779 
56 256.252 449.560 63.105 90.001 28.969 24.906 19.227 21.216 2.330 
57 295.601 305.557 104.682 91.818 22.939 32.168 19.306 15.273 4.229 
58 360.486 561.992 90.779 75.843 25.453 29.893 17.661 18.797 2.938 
59 229.044 210.874 105.329 80.588 18.740 22.903 20.198 15.559 3.521 
60 278.033 447.173 83.267 73.992 27.846 35.773 14.066 19.867 3.427 
61 342.675 572.146 76.534 85.811 23.597 30.482 17.271 18.282 3.087 
62 241.997 256.580 79.773 89.682 31.134 24.803 16.751 23.257 2.156 
63 414.138 440.955 75.586 80.793 21.326 31.649 20.574 23.141 4.041 
64 204.528 534.138 88.306 81.605 32.881 29.576 18.099 20.857 3.441 
65 355.231 334.084 106.494 77.669 24.815 27.657 16.974 22.240 4.082 
66 266.559 546.186 78.000 63.893 31.463 26.937 13.809 17.413 3.097 
67 276.177 330.193 64.716 84.464 30.003 24.249 20.255 23.757 3.001 
68 502.869 503.736 59.973 90.328 31.068 37.698 16.878 20.539 3.578 
69 316.935 271.907 108.396 91.684 34.093 32.552 15.166 21.600 2.941 
70 380.772 443.086 77.436 57.259 30.296 30.798 19.758 17.471 3.582 
71 242.273 283.018 70.608 82.291 33.425 27.633 15.847 24.841 3.697 
72 193.811 253.822 71.383 88.456 28.528 38.097 13.570 19.220 3.853 
73 244.528 343.550 104.982 65.234 31.113 28.169 19.234 22.966 4.042 
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74 186.935 293.647 108.312 70.177 27.634 31.284 20.380 21.990 2.696 
75 287.752 479.216 102.772 63.652 19.942 23.087 19.499 16.277 2.514 
76 234.220 250.573 74.080 63.625 26.827 39.503 15.212 20.055 3.494 
77 436.324 240.705 90.676 86.926 29.998 24.288 13.204 17.153 3.453 
78 478.102 516.819 63.727 61.383 31.331 25.162 18.734 20.761 2.900 
79 364.998 294.590 83.664 67.083 29.274 26.174 14.022 22.370 3.102 
80 197.773 389.871 86.585 92.056 25.252 24.997 20.427 15.448 4.260 
81 505.859 544.748 93.024 58.873 32.770 34.398 19.935 19.968 1.962 
82 200.231 323.862 105.586 72.798 19.163 33.895 15.857 17.025 3.835 
83 411.927 567.862 79.254 70.908 33.093 27.291 13.630 18.023 3.515 
84 351.444 431.299 98.909 58.508 25.500 25.531 19.787 22.918 3.955 
85 380.734 338.857 108.905 60.505 24.090 25.615 18.069 25.416 2.850 
86 362.931 443.301 90.744 55.837 22.387 39.799 16.216 23.362 2.375 
87 219.362 555.502 73.113 85.982 26.528 31.174 19.666 23.174 3.005 
88 316.528 521.440 67.051 60.416 32.349 29.891 17.095 21.728 2.997 
89 214.931 460.869 84.175 74.512 33.806 26.167 19.886 22.219 2.243 
90 225.044 326.761 69.693 72.291 32.962 34.121 20.085 15.418 4.198 
91 452.821 534.592 60.376 72.093 19.436 26.033 15.526 17.233 3.834 
92 472.866 359.339 107.985 77.329 21.604 26.538 17.047 23.906 2.082 
93 492.608 285.150 106.661 83.924 20.217 36.026 20.439 23.450 3.586 
94 206.336 373.335 110.534 87.202 29.651 40.095 16.219 17.207 3.744 
95 357.357 507.701 81.405 60.078 29.400 40.153 17.709 25.318 3.289 
96 267.913 331.869 112.731 70.638 24.281 23.625 18.850 16.461 2.905 
97 222.758 268.092 105.721 57.546 23.044 25.121 14.589 17.157 3.352 
98 472.410 492.652 80.526 74.962 30.126 23.262 13.806 17.233 2.490 
99 319.435 562.008 73.322 72.987 25.517 30.732 20.480 16.500 2.152 
100 312.812 307.387 71.945 79.673 18.343 27.646 14.694 23.486 2.896 
101 467.448 555.109 96.721 87.367 26.331 25.850 15.839 16.220 2.861 
 
Morphometries of shape for Arundo donax 
Binary 
# 
Form 
Factor 
(Circ) Roundness Convexity Solidity Compactness 
Aspect 
Ratio Elongation Curl 
1 0.60 0.66 0.86 0.89 0.81 1.48 1.74 0.85 
2 0.61 0.62 0.87 0.88 0.79 1.52 1.75 0.87 
3 0.61 0.60 0.87 0.89 0.78 1.59 1.71 0.93 
4 0.60 0.61 0.85 0.90 0.78 1.47 1.67 0.88 
5 0.58 0.58 0.85 0.89 0.76 1.55 1.87 0.83 
6 0.50 0.62 0.81 0.85 0.79 1.47 1.78 0.82 
7 0.50 0.57 0.81 0.85 0.76 1.58 1.97 0.80 
8 0.66 0.67 0.88 0.92 0.82 1.39 1.59 0.87 
9 0.57 0.63 0.85 0.87 0.79 1.50 1.82 0.83 
10 0.54 0.52 0.86 0.86 0.72 1.83 2.12 0.86 
11 0.57 0.50 0.88 0.88 0.71 1.86 2.04 0.91 
12 0.53 0.51 0.85 0.85 0.72 1.78 2.06 0.87 
13 0.47 0.51 0.83 0.82 0.71 1.82 2.19 0.83 
14 0.50 0.55 0.83 0.86 0.74 1.70 1.95 0.88 
15 0.55 0.58 0.83 0.88 0.76 1.53 1.85 0.83 
16 0.60 0.59 0.86 0.90 0.77 1.64 1.83 0.90 
17 0.70 0.67 0.90 0.93 0.82 1.49 1.67 0.89 
18 0.53 0.52 0.85 0.84 0.72 1.82 2.13 0.85 
19 0.53 0.46 0.85 0.86 0.68 1.89 2.16 0.88 
20 0.59 0.64 0.86 0.88 0.80 1.53 1.83 0.83 
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21 0.53 0.52 0.84 0.87 0.72 1.83 2.03 0.90 
22 0.54 0.63 0.83 0.87 0.80 1.50 1.68 0.89 
23 0.51 0.46 0.85 0.85 0.68 2.00 2.26 0.89 
24 0.55 0.58 0.83 0.88 0.76 1.64 1.94 0.85 
25 0.53 0.61 0.83 0.84 0.78 1.33 1.60 0.83 
26 0.54 0.54 0.86 0.83 0.74 1.61 1.85 0.87 
27 0.49 0.56 0.82 0.83 0.75 1.53 1.89 0.81 
28 0.45 0.57 0.76 0.83 0.75 1.45 1.97 0.74 
29 0.52 0.54 0.84 0.82 0.74 1.55 1.75 0.89 
30 0.56 0.54 0.86 0.86 0.74 1.56 1.73 0.90 
31 0.64 0.69 0.87 0.91 0.83 1.30 1.53 0.85 
32 0.585 0.549 0.888 0.826 0.762 1.410 1.702 0.798 
33 0.541 0.475 0.821 0.889 0.717 1.789 2.060 0.916 
34 0.626 0.674 0.858 0.827 0.762 1.728 1.717 0.810 
35 0.676 0.641 0.883 0.888 0.695 1.729 1.655 0.919 
36 0.610 0.593 0.897 0.912 0.791 1.980 1.858 0.774 
37 0.588 0.595 0.777 0.903 0.696 1.830 1.794 0.856 
38 0.577 0.563 0.839 0.877 0.687 1.678 2.208 0.756 
39 0.583 0.548 0.817 0.906 0.808 1.915 1.935 0.868 
40 0.547 0.667 0.779 0.878 0.747 1.752 2.104 0.901 
41 0.562 0.678 0.858 0.904 0.770 1.372 1.612 0.899 
42 0.572 0.674 0.822 0.853 0.727 1.705 1.695 0.917 
43 0.483 0.529 0.836 0.920 0.730 1.628 1.775 0.742 
44 0.599 0.481 0.778 0.898 0.718 1.958 1.563 0.757 
45 0.582 0.495 0.855 0.827 0.692 1.402 1.760 0.928 
46 0.669 0.540 0.884 0.844 0.827 1.568 1.993 0.799 
47 0.456 0.667 0.822 0.827 0.728 1.504 2.073 0.916 
48 0.455 0.482 0.873 0.830 0.781 1.452 1.784 0.906 
49 0.680 0.642 0.794 0.843 0.687 1.832 1.979 0.768 
50 0.594 0.593 0.790 0.869 0.785 1.938 1.721 0.846 
51 0.622 0.505 0.779 0.896 0.806 1.998 2.170 0.801 
52 0.678 0.498 0.878 0.859 0.778 1.883 1.922 0.848 
53 0.453 0.477 0.861 0.869 0.709 1.612 1.712 0.802 
54 0.587 0.553 0.813 0.914 0.735 1.951 1.953 0.861 
55 0.584 0.650 0.799 0.884 0.823 1.376 1.623 0.887 
56 0.666 0.682 0.893 0.892 0.803 1.475 1.638 0.760 
57 0.531 0.473 0.781 0.842 0.724 1.478 1.899 0.751 
58 0.539 0.623 0.853 0.913 0.699 1.391 1.642 0.829 
59 0.646 0.533 0.860 0.916 0.789 1.886 1.945 0.821 
60 0.660 0.480 0.857 0.834 0.774 1.704 1.531 0.888 
61 0.669 0.608 0.867 0.906 0.725 1.965 1.609 0.761 
62 0.540 0.585 0.830 0.855 0.707 1.413 1.655 0.768 
63 0.692 0.657 0.885 0.851 0.708 1.805 1.943 0.815 
64 0.521 0.592 0.788 0.853 0.734 1.752 2.109 0.779 
65 0.476 0.501 0.832 0.843 0.774 1.820 1.797 0.792 
66 0.470 0.634 0.886 0.872 0.825 1.498 1.702 0.862 
67 0.592 0.481 0.886 0.853 0.792 1.996 1.795 0.785 
68 0.513 0.593 0.891 0.886 0.758 1.750 2.179 0.856 
69 0.451 0.468 0.822 0.827 0.763 1.505 2.045 0.772 
70 0.670 0.572 0.761 0.880 0.682 1.550 2.038 0.762 
71 0.639 0.575 0.837 0.841 0.734 1.431 1.967 0.922 
72 0.547 0.598 0.787 0.831 0.697 1.329 1.738 0.830 
73 0.603 0.576 0.882 0.895 0.697 1.771 1.693 0.893 
74 0.697 0.598 0.786 0.833 0.734 1.634 1.874 0.858 
75 0.608 0.544 0.840 0.916 0.822 1.668 1.874 0.835 
76 0.694 0.464 0.797 0.889 0.737 1.745 1.968 0.895 
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77 0.691 0.658 0.765 0.893 0.769 1.970 1.811 0.892 
78 0.495 0.608 0.878 0.846 0.752 1.726 1.832 0.761 
79 0.589 0.619 0.895 0.921 0.761 1.859 1.994 0.771 
80 0.655 0.572 0.844 0.880 0.784 1.630 1.606 0.787 
81 0.595 0.567 0.849 0.883 0.738 1.909 1.729 0.786 
82 0.538 0.538 0.815 0.869 0.805 1.510 1.618 0.753 
83 0.542 0.533 0.858 0.919 0.729 1.540 1.841 0.825 
84 0.490 0.603 0.782 0.858 0.707 1.477 2.003 0.762 
85 0.681 0.668 0.814 0.892 0.740 1.830 1.911 0.753 
86 0.632 0.574 0.771 0.849 0.823 1.872 1.763 0.897 
87 0.520 0.526 0.897 0.916 0.733 1.906 1.714 0.898 
88 0.484 0.577 0.900 0.891 0.702 1.719 1.628 0.831 
89 0.620 0.534 0.880 0.892 0.762 1.799 1.593 0.870 
90 0.530 0.472 0.760 0.870 0.818 1.686 1.822 0.873 
91 0.454 0.540 0.819 0.861 0.771 1.820 2.104 0.769 
92 0.613 0.581 0.793 0.842 0.696 1.532 1.606 0.771 
93 0.527 0.602 0.876 0.893 0.751 1.929 2.102 0.841 
94 0.658 0.562 0.766 0.826 0.692 1.654 2.244 0.889 
95 0.536 0.687 0.779 0.852 0.738 1.394 1.744 0.854 
96 0.541 0.524 0.771 0.858 0.704 1.999 1.682 0.864 
97 0.475 0.579 0.797 0.926 0.694 1.429 2.217 0.787 
98 0.477 0.647 0.824 0.891 0.813 1.540 2.253 0.896 
99 0.624 0.513 0.801 0.912 0.820 1.628 1.672 0.887 
100 0.536 0.675 0.899 0.872 0.799 1.697 1.741 0.853 
101 0.639 0.545 0.777 0.888 0.762 1.319 2.207 0.776 
 
Morphometries of size for Stipa capensis 
Binary 
# 
Area 
µm² 
Convex 
Area 
µm² 
Perimeter 
µm 
Convex 
Perimeter 
µm 
Length 
(Feret) 
µm 
Fiber 
Length 
µm 
Width 
µm 
Equivalent 
Diameter 
(ArEquivD) 
µm 
Inscribed 
Radius 
(MinR) µm 
1 57.25 60.67 32.86 30.89 12.99 13.06 6.28 8.54 1.97 
2 71.80 82.46 42.50 39.65 17.83 19.55 5.86 9.56 1.29 
3 59.29 63.32 31.95 30.31 11.93 13.09 6.64 8.69 2.20 
4 76.98 87.09 44.27 40.64 18.16 19.60 5.87 9.90 1.42 
5 41.16 49.47 37.00 35.07 15.95 16.78 3.51 7.24 1.01 
6 86.91 106.90 51.95 48.41 21.49 21.69 5.81 10.52 1.07 
7 56.81 64.07 33.43 30.59 11.68 13.16 6.76 8.51 1.78 
8 59.73 67.71 35.51 33.41 13.63 14.26 5.93 8.72 1.63 
9 52.58 60.67 33.34 30.64 12.52 13.83 6.57 8.18 1.45 
10 47.69 52.42 31.74 29.70 12.66 13.37 5.23 7.79 1.68 
11 135.03 171.58 63.60 57.63 25.22 26.05 8.19 13.11 1.30 
12 122.44 136.63 54.40 49.76 21.19 21.45 7.35 12.49 1.98 
13 70.09 78.65 39.53 36.23 15.60 15.59 6.32 9.45 1.35 
14 76.54 89.34 44.21 41.28 18.41 18.48 5.96 9.87 1.45 
15 166.45 184.16 62.22 58.47 25.10 25.79 8.53 14.56 2.39 
16 248.25 276.03 81.80 77.78 34.48 36.32 9.01 17.78 2.94 
17 38.13 41.13 27.65 26.05 11.50 12.11 4.77 6.97 1.58 
18 33.23 35.94 28.16 26.24 11.72 12.46 4.20 6.51 1.29 
19 54.35 60.17 34.19 31.82 13.18 13.88 5.22 8.32 1.64 
20 52.07 66.92 44.01 41.15 19.16 20.44 4.52 8.14 0.99 
21 58.96 68.05 38.59 35.80 15.48 15.42 5.36 8.66 1.08 
 247 
 
22 148.30 178.55 65.33 60.50 26.79 28.30 7.96 13.74 1.56 
23 161.38 198.35 69.57 64.82 29.09 30.13 8.60 14.33 1.80 
24 74.292 145.431 41.614 69.454 31.276 36.162 5.947 10.953 2.442 
25 47.220 207.488 37.076 72.078 27.264 31.952 5.011 17.512 2.853 
26 239.104 205.892 48.467 29.126 24.792 27.456 7.604 14.967 1.432 
27 73.823 242.377 61.613 39.895 22.628 17.824 6.175 12.467 2.767 
28 46.377 125.019 54.727 65.451 23.442 32.302 4.718 7.689 2.847 
29 215.726 224.583 79.721 53.086 26.268 21.639 8.810 14.571 2.160 
30 125.348 100.474 78.779 47.475 32.967 28.363 3.513 11.779 2.665 
31 188.524 118.015 58.417 34.554 34.043 19.880 8.737 7.889 2.404 
32 158.240 175.241 71.145 77.045 27.832 35.464 6.587 7.747 1.616 
33 154.064 199.279 52.294 28.244 11.807 29.845 3.530 16.243 2.041 
34 134.536 72.819 75.474 40.715 12.356 26.010 8.728 9.587 2.488 
35 42.440 171.833 38.024 40.193 16.877 18.744 5.564 16.142 1.159 
36 242.261 263.819 67.878 58.006 29.465 27.524 8.586 17.544 1.830 
37 116.566 90.865 67.355 28.929 16.597 36.185 7.215 13.394 1.836 
38 87.994 114.396 77.028 70.893 28.428 17.553 5.645 9.946 2.752 
39 182.938 205.167 30.377 64.802 14.491 27.828 5.507 13.670 2.756 
40 161.003 195.338 78.621 77.751 18.988 34.131 5.278 8.454 2.417 
41 240.207 187.494 70.540 66.134 24.996 35.684 7.724 11.179 1.943 
42 186.055 168.604 53.704 71.854 34.181 31.635 6.451 9.578 2.018 
43 110.774 275.590 39.882 41.843 33.647 33.922 7.521 12.197 1.947 
44 140.648 111.720 61.035 26.559 20.549 22.939 8.456 9.617 2.192 
45 163.130 182.196 74.990 50.031 28.269 12.950 8.501 15.744 2.187 
46 209.301 157.542 57.108 46.296 27.251 33.267 8.220 9.000 1.885 
47 244.023 117.999 57.460 67.008 12.311 26.480 6.727 10.431 1.252 
48 154.776 223.062 68.152 36.396 33.126 21.809 8.094 16.904 1.690 
49 140.652 146.999 51.515 33.449 24.844 29.886 6.965 9.968 1.954 
50 175.512 128.249 47.663 60.884 14.095 14.753 5.910 17.398 1.492 
51 86.081 62.254 79.861 75.494 26.868 21.734 3.911 13.169 1.476 
52 76.488 54.073 39.758 61.694 18.971 17.235 8.350 12.567 2.275 
53 139.465 203.685 57.355 40.179 14.740 15.237 6.056 17.617 1.584 
54 91.786 246.892 43.229 42.813 26.562 29.083 6.035 14.856 2.893 
55 192.573 98.026 47.299 53.822 18.747 32.907 3.689 16.881 2.880 
56 181.633 129.507 56.045 54.954 18.424 32.491 8.837 16.093 2.210 
57 144.555 171.625 40.002 77.774 32.535 21.459 4.716 12.966 2.396 
58 223.126 103.754 42.001 56.929 22.965 17.698 5.608 14.174 1.907 
59 187.172 39.199 79.609 56.178 32.076 12.825 6.698 8.592 2.849 
60 53.130 191.194 31.721 72.618 14.379 35.813 6.599 14.952 2.175 
61 118.540 201.216 79.283 53.908 20.660 28.471 6.635 9.049 1.223 
62 150.188 218.581 50.024 65.668 20.036 12.728 8.544 7.498 1.020 
63 139.747 263.462 28.108 28.637 29.677 30.814 7.619 15.355 1.534 
64 106.527 221.842 60.968 46.051 26.311 33.008 5.767 11.717 2.112 
65 105.608 130.231 47.312 26.847 24.063 29.898 4.420 10.255 1.259 
66 161.929 91.038 36.860 76.677 18.337 32.114 7.303 14.898 1.811 
67 195.861 128.808 50.693 75.842 18.899 26.782 6.451 10.908 2.529 
68 85.415 168.626 57.325 50.208 18.761 31.720 7.463 9.351 2.712 
69 246.692 233.932 45.356 75.471 33.009 26.517 6.332 8.302 1.738 
70 240.504 232.085 31.618 52.693 27.235 24.541 3.624 6.547 1.739 
71 80.289 230.707 31.760 29.558 11.730 31.521 8.104 16.930 1.039 
72 62.625 172.595 30.301 30.027 24.468 23.178 3.567 8.981 2.693 
73 178.669 225.503 71.833 44.811 21.868 22.523 5.200 12.511 1.648 
74 141.227 92.404 50.637 27.591 12.577 15.675 8.831 12.596 2.781 
75 227.845 39.811 61.835 59.613 11.694 31.837 4.246 15.393 1.272 
76 100.787 147.078 63.423 55.049 33.643 21.588 7.383 16.807 1.629 
77 39.492 274.378 48.244 49.330 31.641 26.977 7.114 13.610 2.845 
 248 
 
78 123.687 199.592 78.915 58.877 31.656 23.296 5.622 14.343 1.820 
79 130.641 73.944 68.745 48.169 16.053 15.416 5.103 17.673 1.582 
80 139.047 127.298 49.435 38.464 20.284 33.628 6.556 16.361 1.742 
81 122.579 230.411 48.486 34.712 32.633 15.883 5.828 9.135 2.399 
82 33.772 268.618 58.974 67.134 34.108 33.932 5.833 13.775 1.773 
83 129.942 60.715 41.226 47.323 16.489 21.308 3.750 11.853 2.137 
84 55.545 243.791 38.282 32.140 13.562 29.226 7.921 7.969 2.134 
85 187.527 72.120 60.612 30.635 23.721 29.283 5.504 8.147 1.044 
86 157.989 184.901 51.993 42.270 22.967 31.430 3.700 12.510 1.791 
87 126.027 170.688 61.075 34.729 23.167 26.312 3.953 6.644 2.921 
88 98.155 252.866 71.808 65.465 29.558 29.526 6.240 15.277 2.472 
89 40.062 74.157 50.179 65.879 13.237 18.921 7.621 8.038 1.511 
90 166.943 99.261 75.402 73.219 26.787 29.015 5.897 7.376 2.122 
91 121.353 63.027 58.699 26.727 33.800 28.367 5.652 17.761 2.492 
92 138.309 233.455 78.713 66.477 30.890 26.316 5.066 7.467 2.907 
93 171.183 163.344 33.629 72.241 13.500 31.362 5.394 16.725 1.752 
94 194.253 183.909 37.065 54.022 22.577 15.964 9.004 16.602 2.427 
95 106.412 127.267 39.215 68.027 17.719 25.296 6.123 14.652 1.539 
96 39.639 58.449 53.222 28.685 28.520 23.944 5.512 8.238 2.145 
97 93.391 253.015 76.835 65.748 25.184 24.036 6.193 7.715 1.983 
98 226.149 192.728 51.731 57.123 14.168 26.997 8.971 11.077 2.886 
99 241.495 168.953 56.673 54.749 15.831 25.981 5.330 17.436 2.896 
100 104.894 169.741 75.180 32.878 29.855 25.201 8.497 9.743 2.143 
 
Morphometries of shape for Stipa capensis 
Binary 
# 
Form 
Factor 
(Circ) Roundness Convexity Solidity Compactness 
Aspect 
Ratio Elongation Curl 
1 0.67 0.43 0.94 0.94 0.66 2.07 2.08 0.99 
2 0.50 0.29 0.93 0.87 0.54 3.04 3.34 0.91 
3 0.73 0.53 0.95 0.94 0.73 1.80 1.97 0.91 
4 0.49 0.30 0.92 0.88 0.55 3.09 3.34 0.93 
5 0.38 0.21 0.95 0.83 0.45 4.54 4.78 0.95 
6 0.41 0.24 0.93 0.81 0.49 3.70 3.74 0.99 
7 0.64 0.53 0.92 0.89 0.73 1.73 1.95 0.89 
8 0.60 0.41 0.94 0.88 0.64 2.30 2.41 0.96 
9 0.60 0.43 0.92 0.87 0.65 1.91 2.11 0.91 
10 0.60 0.38 0.94 0.91 0.62 2.42 2.56 0.95 
11 0.42 0.27 0.91 0.79 0.52 3.08 3.18 0.97 
12 0.52 0.35 0.92 0.90 0.59 2.88 2.92 0.99 
13 0.56 0.37 0.92 0.89 0.61 2.47 2.46 1.00 
14 0.49 0.29 0.93 0.86 0.54 3.09 3.10 1.00 
15 0.54 0.34 0.94 0.90 0.58 2.94 3.02 0.97 
16 0.47 0.27 0.95 0.90 0.52 3.83 4.03 0.95 
17 0.63 0.37 0.94 0.93 0.61 2.41 2.54 0.95 
18 0.53 0.31 0.93 0.93 0.56 2.79 2.97 0.94 
19 0.58 0.40 0.93 0.90 0.63 2.53 2.66 0.95 
20 0.34 0.18 0.94 0.78 0.43 4.24 4.52 0.94 
21 0.50 0.31 0.93 0.87 0.56 2.89 2.88 1.00 
22 0.44 0.26 0.93 0.83 0.51 3.36 3.55 0.95 
23 0.42 0.24 0.93 0.81 0.49 3.38 3.50 0.97 
24 0.721 0.346 0.911 0.936 0.570 4.136 2.712 0.900 
25 0.429 0.328 0.919 0.891 0.683 2.465 4.769 0.923 
 249 
 
26 0.596 0.249 0.911 0.904 0.665 4.212 4.576 0.905 
27 0.446 0.442 0.943 0.902 0.518 2.210 4.550 0.917 
28 0.554 0.423 0.946 0.809 0.450 3.195 4.663 0.989 
29 0.399 0.516 0.930 0.907 0.598 4.378 2.620 0.924 
30 0.605 0.452 0.940 0.799 0.515 3.517 4.380 0.947 
31 0.598 0.223 0.929 0.792 0.643 3.740 4.539 0.977 
32 0.517 0.437 0.914 0.822 0.605 2.636 4.725 0.939 
33 0.670 0.384 0.925 0.924 0.559 3.578 2.797 0.978 
34 0.426 0.333 0.935 0.919 0.698 2.281 3.104 0.950 
35 0.522 0.486 0.949 0.928 0.513 3.100 4.561 0.969 
36 0.382 0.355 0.924 0.852 0.610 2.858 3.986 0.900 
37 0.725 0.422 0.911 0.852 0.549 4.539 4.683 0.938 
38 0.343 0.444 0.920 0.820 0.510 2.953 2.678 0.964 
39 0.456 0.378 0.946 0.925 0.599 3.418 2.310 0.990 
40 0.587 0.385 0.946 0.918 0.437 2.470 2.930 0.925 
41 0.419 0.521 0.933 0.786 0.538 3.771 2.776 0.916 
42 0.645 0.426 0.949 0.832 0.687 2.915 4.515 0.890 
43 0.516 0.482 0.934 0.902 0.467 4.124 3.158 0.984 
44 0.641 0.474 0.942 0.905 0.718 4.464 4.555 0.892 
45 0.547 0.343 0.911 0.875 0.642 3.309 4.120 0.994 
46 0.489 0.324 0.914 0.926 0.527 4.361 3.058 0.936 
47 0.702 0.309 0.936 0.850 0.706 3.967 4.485 0.979 
48 0.519 0.419 0.948 0.807 0.538 3.487 3.347 0.934 
49 0.531 0.407 0.928 0.930 0.447 4.310 3.452 0.970 
50 0.425 0.484 0.946 0.906 0.725 1.944 3.992 0.932 
51 0.344 0.507 0.920 0.839 0.589 2.872 4.164 0.996 
52 0.411 0.336 0.937 0.831 0.726 3.356 3.194 0.935 
53 0.730 0.238 0.937 0.815 0.555 2.196 4.666 0.905 
54 0.421 0.449 0.935 0.868 0.617 3.298 4.106 0.998 
55 0.415 0.220 0.920 0.909 0.625 4.462 4.251 0.966 
56 0.478 0.450 0.946 0.882 0.658 3.952 4.019 0.954 
57 0.557 0.211 0.927 0.923 0.619 3.035 3.214 0.901 
58 0.477 0.508 0.926 0.850 0.507 4.239 2.133 0.906 
59 0.721 0.478 0.934 0.903 0.619 4.467 4.692 0.927 
60 0.650 0.329 0.935 0.925 0.465 4.176 3.665 0.965 
61 0.535 0.182 0.912 0.926 0.493 4.466 3.953 0.944 
62 0.677 0.521 0.948 0.792 0.624 3.875 4.226 0.914 
63 0.544 0.287 0.919 0.864 0.555 3.799 3.632 0.999 
64 0.659 0.330 0.941 0.908 0.619 4.113 3.049 0.956 
65 0.365 0.515 0.944 0.788 0.488 1.916 2.710 0.894 
66 0.410 0.222 0.915 0.835 0.584 2.886 2.375 0.945 
67 0.617 0.350 0.932 0.793 0.656 2.149 2.321 0.910 
68 0.626 0.281 0.914 0.904 0.619 4.284 3.276 0.987 
69 0.628 0.182 0.949 0.834 0.721 3.920 3.565 0.995 
70 0.593 0.213 0.912 0.901 0.589 3.628 3.409 0.963 
71 0.548 0.190 0.912 0.854 0.708 3.294 3.312 0.897 
72 0.669 0.412 0.931 0.882 0.703 2.826 2.780 0.909 
73 0.443 0.252 0.922 0.854 0.468 1.787 3.923 0.932 
74 0.527 0.500 0.944 0.909 0.482 1.782 4.275 0.914 
75 0.460 0.363 0.939 0.818 0.650 2.239 3.967 0.955 
76 0.350 0.243 0.948 0.838 0.690 2.861 3.848 0.976 
77 0.642 0.469 0.941 0.855 0.609 2.861 2.523 0.975 
78 0.367 0.311 0.928 0.847 0.660 3.878 2.336 0.991 
79 0.358 0.320 0.910 0.912 0.466 4.396 2.265 0.954 
80 0.388 0.498 0.928 0.796 0.493 3.280 4.322 0.941 
81 0.443 0.492 0.916 0.806 0.574 3.294 4.674 0.970 
 250 
 
82 0.499 0.211 0.934 0.894 0.729 2.968 2.735 0.920 
83 0.429 0.219 0.910 0.939 0.461 2.358 3.970 0.986 
84 0.377 0.370 0.929 0.881 0.516 3.442 3.204 0.968 
85 0.353 0.286 0.941 0.830 0.456 3.630 2.151 0.915 
86 0.689 0.305 0.921 0.876 0.654 1.812 2.077 0.911 
87 0.531 0.367 0.924 0.856 0.555 3.745 3.585 0.971 
88 0.540 0.291 0.919 0.799 0.649 3.275 3.155 0.925 
89 0.650 0.448 0.948 0.885 0.697 2.396 3.802 0.923 
90 0.542 0.382 0.930 0.814 0.626 3.492 3.979 0.991 
91 0.667 0.350 0.913 0.857 0.643 3.700 4.552 0.913 
92 0.450 0.517 0.928 0.783 0.510 3.997 4.040 0.920 
93 0.561 0.197 0.913 0.878 0.558 2.395 3.637 0.921 
94 0.512 0.413 0.932 0.885 0.524 4.108 2.511 0.949 
95 0.598 0.232 0.921 0.793 0.706 3.776 4.288 0.899 
96 0.358 0.327 0.936 0.816 0.646 3.783 2.019 0.932 
97 0.658 0.500 0.937 0.904 0.573 2.914 4.649 0.915 
98 0.475 0.474 0.947 0.833 0.671 3.026 2.959 0.904 
99 0.661 0.214 0.911 0.806 0.469 3.425 2.657 0.985 
100 0.441 0.370 0.917 0.895 0.625 1.834 2.421 0.985 
 
Morphometries of size for Oryza sativa 
Binary 
# 
Area 
µm² 
Convex 
Area µm² 
Perimeter 
µm 
Convex 
Perimeter 
µm 
Length 
(Feret) 
µm 
Fiber 
Length 
µm 
Width 
µm 
Equivalent 
Diameter 
(ArEquivD) 
µm 
Inscribed 
Radius 
(MinR) 
µm 
1 49.92 59.92 34.97 28.78 10.63 12.21 6.90 7.97 0.71 
2 57.18 71.28 38.31 31.29 11.50 14.03 7.73 8.53 0.71 
3 49.89 63.58 36.31 29.35 10.68 13.47 7.42 7.97 1.03 
4 55.18 66.21 36.58 29.80 10.62 15.27 7.51 8.38 0.90 
5 58.48 71.93 38.65 31.27 11.69 14.32 7.87 8.63 0.66 
6 64.47 80.87 42.40 32.97 11.56 14.91 8.65 9.06 0.55 
7 58.58 69.65 37.21 30.76 10.97 12.50 7.66 8.64 1.69 
8 76.54 94.58 47.40 36.67 13.97 17.09 8.71 9.87 0.24 
9 53.52 64.40 35.80 30.90 12.50 15.03 6.55 8.26 1.28 
10 74.05 90.62 44.41 36.32 14.29 18.44 8.54 9.71 1.11 
11 77.76 97.75 48.61 36.82 13.72 18.56 9.92 9.95 0.35 
12 69.45 85.73 42.76 34.74 13.20 17.09 8.20 9.40 1.05 
13 56.40 67.99 38.51 31.28 12.09 14.25 6.90 8.47 0.58 
14 79.42 94.78 45.97 36.54 13.60 17.24 8.74 10.06 1.41 
15 84.24 103.61 46.16 37.99 14.01 17.12 9.27 10.36 1.40 
16 72.26 92.47 45.22 36.83 14.20 15.77 7.74 9.59 0.59 
17 76.07 97.07 45.42 37.25 13.47 15.54 8.31 9.84 0.31 
18 111.80 140.21 56.48 44.23 16.05 19.42 11.13 11.93 0.73 
19 103.65 121.84 50.15 40.86 14.95 17.79 10.59 11.49 1.87 
20 105.26 128.11 52.23 41.54 14.83 17.62 11.53 11.58 1.81 
21 64.01 78.08 40.93 35.91 14.70 16.52 6.63 9.03 0.81 
22 68.21 80.41 40.92 35.67 14.82 16.00 7.00 9.32 0.98 
23 58.32 66.45 37.14 33.82 14.15 15.47 5.77 8.62 1.19 
24 49.50 58.11 36.11 32.41 13.57 15.01 5.04 7.94 0.60 
25 59.52 69.95 38.97 34.22 13.93 15.43 5.94 8.71 1.13 
26 71.24 81.81 40.59 35.82 14.59 16.24 6.99 9.52 1.44 
27 72.41 82.73 40.72 35.53 14.35 15.57 7.15 9.60 1.11 
 251 
 
28 71.79 85.06 41.25 35.50 13.93 15.68 7.55 9.56 1.26 
29 70.93 82.40 40.51 35.25 14.21 15.44 7.14 9.50 1.07 
30 70.96 84.09 41.57 35.97 13.93 16.16 7.34 9.51 1.22 
31 109.344 70.662 53.021 43.604 12.481 13.807 5.484 8.359 1.032 
32 97.606 124.509 40.103 35.315 13.021 17.230 11.058 9.115 0.327 
33 56.886 125.989 38.366 36.349 12.782 15.355 5.880 8.717 0.554 
34 88.739 122.921 47.573 42.605 13.395 13.237 7.863 11.586 1.675 
35 87.359 92.469 44.493 31.679 13.191 13.459 8.970 11.535 0.951 
36 85.704 79.503 54.349 32.240 15.648 19.058 10.922 10.262 0.297 
37 91.296 81.982 50.800 38.370 15.774 13.137 6.971 9.831 1.191 
38 87.004 107.812 39.643 39.534 13.742 18.484 9.934 8.416 1.510 
39 107.980 114.867 47.667 29.073 12.220 19.278 10.919 10.221 1.823 
40 74.294 106.160 46.817 32.422 15.412 17.451 5.220 10.316 0.309 
41 93.397 76.293 41.597 42.590 13.367 18.128 10.165 11.022 0.740 
42 85.029 65.233 51.384 42.374 14.810 13.393 5.355 11.400 0.703 
43 98.563 77.028 47.877 33.334 12.300 13.857 8.657 11.085 0.509 
44 86.900 100.523 46.363 33.341 11.619 17.042 9.222 11.595 0.714 
45 82.343 132.419 39.072 29.011 12.590 14.873 8.401 9.389 1.147 
46 86.746 115.599 38.534 36.186 10.758 18.982 6.447 8.803 1.013 
47 68.050 91.935 51.079 29.889 13.176 18.827 5.752 9.458 1.168 
48 91.686 63.767 55.577 33.526 15.213 16.988 10.423 9.505 1.049 
49 69.544 114.890 49.167 36.704 12.223 18.376 5.181 11.029 1.504 
50 102.716 68.149 41.877 31.947 15.518 16.624 8.265 9.517 0.510 
51 49.964 61.849 39.818 37.786 14.082 15.663 7.664 7.958 0.317 
52 63.557 76.659 36.309 41.681 13.686 17.568 10.893 11.833 1.576 
53 77.927 123.206 47.286 42.247 14.331 15.430 10.616 9.925 0.757 
54 63.178 62.210 54.159 39.365 14.177 12.515 6.049 10.723 0.343 
55 100.274 120.571 43.588 34.403 11.664 12.549 10.485 9.171 1.676 
56 103.043 104.240 36.968 36.939 15.810 13.479 6.032 11.344 1.467 
57 82.114 91.445 43.762 43.219 11.125 13.673 9.928 9.379 0.633 
58 51.208 77.448 54.034 37.963 15.481 18.137 11.115 10.002 0.953 
59 52.035 97.320 51.704 38.446 15.281 18.193 6.005 8.639 1.076 
60 53.722 68.159 40.338 35.681 14.424 13.246 10.135 8.571 1.582 
61 76.063 83.462 53.467 31.625 15.576 12.685 5.112 8.778 1.373 
62 51.089 80.345 43.425 33.032 12.002 13.248 8.331 9.417 0.565 
63 50.540 83.539 41.303 43.156 15.147 14.937 11.437 8.525 1.675 
64 93.832 71.800 49.849 38.521 12.098 13.546 6.700 10.275 1.583 
65 101.569 59.753 48.540 42.070 14.776 14.570 9.510 8.934 0.780 
66 71.359 70.228 53.384 35.357 15.569 19.219 5.125 8.708 0.582 
67 105.177 66.902 50.972 31.143 14.195 13.125 7.330 10.141 1.029 
68 64.996 86.476 36.248 31.652 13.580 12.223 6.051 9.710 1.140 
69 65.388 98.770 47.250 36.956 11.108 17.298 6.347 9.099 0.651 
70 88.682 104.639 49.540 33.547 14.578 15.933 6.017 11.502 0.422 
71 81.282 135.227 55.381 40.410 15.560 14.383 8.324 9.068 0.342 
72 78.117 58.177 46.280 30.510 14.184 17.445 8.969 9.141 0.826 
73 90.481 129.326 44.201 36.610 10.686 14.265 9.309 8.690 1.853 
74 94.571 136.084 52.592 29.314 12.336 13.813 10.210 10.185 0.432 
75 91.644 134.301 53.402 39.760 12.289 12.376 8.346 10.746 0.270 
76 101.813 84.790 47.969 38.833 15.914 18.974 7.848 10.437 1.506 
77 85.121 94.513 45.486 33.727 11.124 17.185 9.150 11.593 1.390 
78 100.905 84.557 55.215 42.733 11.285 17.808 8.836 8.561 0.607 
79 69.621 118.986 37.174 39.809 11.227 16.959 5.860 10.673 1.493 
80 58.961 75.899 48.907 42.144 12.211 15.858 8.918 8.523 0.620 
81 51.667 85.115 50.317 38.278 11.822 16.913 10.239 9.808 0.920 
82 76.062 100.953 42.030 29.429 13.843 18.401 8.704 11.820 1.040 
83 65.064 94.593 53.609 28.829 11.735 12.523 10.887 11.792 1.792 
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84 50.763 105.208 54.473 39.222 12.427 16.393 7.134 9.011 1.791 
85 69.921 89.986 51.362 35.081 10.933 14.830 9.852 9.142 0.978 
86 65.496 132.552 46.116 37.811 12.246 16.559 9.055 8.376 0.513 
87 83.375 111.816 39.980 39.880 11.919 14.135 6.699 11.452 0.320 
88 91.436 59.504 36.910 33.022 14.423 14.486 6.548 11.216 0.426 
89 108.369 77.249 40.619 30.173 14.088 14.579 5.404 8.324 0.741 
90 99.686 76.919 53.028 37.141 11.533 15.315 5.555 11.583 1.641 
91 69.202 129.167 40.273 32.917 11.835 13.167 8.943 10.115 1.856 
92 60.100 100.300 46.016 30.325 12.010 14.906 5.398 10.880 1.673 
93 107.607 94.386 46.471 40.833 12.800 13.832 11.523 11.900 1.247 
94 105.664 68.838 35.313 32.450 12.422 16.063 7.006 11.345 1.365 
95 65.195 89.098 55.045 42.638 11.396 13.272 7.991 9.131 1.559 
96 107.875 134.635 54.741 41.210 15.464 18.707 9.598 10.355 0.830 
97 56.970 111.826 37.085 32.922 13.199 14.025 9.725 8.275 0.322 
98 107.831 133.608 40.486 35.727 15.461 12.671 11.184 10.801 1.234 
99 76.591 102.825 46.269 41.237 11.421 13.524 10.843 11.276 1.261 
100 65.997 128.007 46.788 38.757 11.387 12.551 5.080 11.071 0.771 
101 63.893 72.735 40.402 36.300 11.109 19.394 7.907 8.904 1.226 
 
Morphometries of shape for Oryza sativa 
Binary 
# 
Form 
Factor 
(Circ) Roundness Convexity Solidity Compactness 
Aspect 
Ratio Elongation Curl 
1 0.51 0.56 0.82 0.83 0.75 1.54 1.77 0.87 
2 0.49 0.55 0.82 0.80 0.74 1.49 1.82 0.82 
3 0.48 0.56 0.81 0.79 0.75 1.44 1.82 0.79 
4 0.52 0.62 0.82 0.83 0.79 1.42 2.03 0.70 
5 0.49 0.55 0.81 0.81 0.74 1.49 1.82 0.82 
6 0.45 0.61 0.78 0.80 0.78 1.34 1.72 0.78 
7 0.53 0.62 0.83 0.84 0.79 1.43 1.63 0.88 
8 0.43 0.50 0.77 0.81 0.71 1.60 1.96 0.82 
9 0.53 0.44 0.86 0.83 0.66 1.91 2.29 0.83 
10 0.47 0.46 0.82 0.82 0.68 1.67 2.16 0.78 
11 0.41 0.53 0.76 0.80 0.73 1.38 1.87 0.74 
12 0.48 0.51 0.81 0.81 0.71 1.61 2.09 0.77 
13 0.48 0.49 0.81 0.83 0.70 1.75 2.07 0.85 
14 0.47 0.55 0.80 0.84 0.74 1.56 1.97 0.79 
15 0.50 0.55 0.82 0.81 0.74 1.51 1.85 0.82 
16 0.44 0.46 0.81 0.78 0.68 1.84 2.04 0.90 
17 0.46 0.53 0.82 0.78 0.73 1.62 1.87 0.87 
18 0.44 0.55 0.78 0.80 0.74 1.44 1.75 0.83 
19 0.52 0.59 0.82 0.85 0.77 1.41 1.68 0.84 
20 0.49 0.61 0.80 0.82 0.78 1.29 1.53 0.84 
21 0.48 0.38 0.88 0.82 0.61 2.22 2.49 0.89 
22 0.51 0.40 0.87 0.85 0.63 2.12 2.28 0.93 
23 0.53 0.37 0.91 0.88 0.61 2.45 2.68 0.91 
24 0.48 0.34 0.90 0.85 0.59 2.69 2.98 0.90 
25 0.49 0.39 0.88 0.85 0.63 2.35 2.60 0.90 
26 0.54 0.43 0.88 0.87 0.65 2.09 2.32 0.90 
27 0.55 0.45 0.87 0.88 0.67 2.01 2.18 0.92 
28 0.53 0.47 0.86 0.84 0.69 1.85 2.08 0.89 
29 0.54 0.45 0.87 0.86 0.67 1.99 2.16 0.92 
30 0.52 0.47 0.87 0.84 0.68 1.90 2.20 0.86 
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31 0.442 0.414 0.879 0.786 0.618 2.223 2.259 0.778 
32 0.430 0.424 0.890 0.860 0.707 2.294 2.474 0.919 
33 0.550 0.380 0.793 0.831 0.689 2.084 2.801 0.701 
34 0.541 0.472 0.879 0.784 0.784 2.219 1.716 0.709 
35 0.498 0.486 0.794 0.827 0.717 2.057 2.918 0.841 
36 0.545 0.417 0.905 0.792 0.672 1.403 2.413 0.803 
37 0.506 0.615 0.855 0.782 0.774 1.843 1.623 0.778 
38 0.478 0.552 0.881 0.799 0.786 1.688 1.612 0.754 
39 0.417 0.444 0.766 0.829 0.785 1.491 2.086 0.804 
40 0.472 0.491 0.878 0.840 0.775 2.486 2.550 0.730 
41 0.520 0.550 0.771 0.837 0.740 1.447 2.314 0.836 
42 0.473 0.593 0.771 0.803 0.740 2.665 2.613 0.754 
43 0.426 0.503 0.847 0.782 0.630 2.650 2.271 0.824 
44 0.528 0.510 0.884 0.806 0.700 1.918 2.189 0.768 
45 0.518 0.478 0.830 0.866 0.667 2.476 2.771 0.827 
46 0.475 0.394 0.895 0.794 0.651 1.805 1.900 0.715 
47 0.487 0.364 0.900 0.859 0.649 1.670 1.808 0.840 
48 0.435 0.609 0.778 0.790 0.632 2.579 1.532 0.921 
49 0.480 0.497 0.892 0.809 0.728 2.020 2.754 0.770 
50 0.475 0.372 0.824 0.867 0.725 1.329 2.084 0.873 
51 0.436 0.509 0.853 0.858 0.779 1.302 2.388 0.925 
52 0.436 0.347 0.844 0.821 0.621 1.705 2.885 0.883 
53 0.456 0.452 0.808 0.798 0.762 2.005 1.900 0.751 
54 0.456 0.566 0.834 0.818 0.678 1.604 1.856 0.798 
55 0.484 0.445 0.846 0.835 0.737 1.335 2.592 0.700 
56 0.486 0.415 0.904 0.792 0.595 1.805 1.729 0.734 
57 0.549 0.507 0.907 0.808 0.740 1.900 2.174 0.846 
58 0.512 0.527 0.794 0.798 0.593 2.452 2.524 0.712 
59 0.438 0.569 0.884 0.821 0.768 1.820 2.920 0.738 
60 0.547 0.519 0.853 0.793 0.675 2.149 2.377 0.792 
61 0.526 0.483 0.887 0.829 0.776 2.063 2.898 0.794 
62 0.461 0.465 0.803 0.836 0.655 2.403 2.584 0.871 
63 0.500 0.545 0.836 0.870 0.672 1.985 2.846 0.728 
64 0.483 0.585 0.869 0.805 0.727 2.506 1.558 0.730 
65 0.450 0.407 0.855 0.854 0.605 1.707 1.780 0.741 
66 0.508 0.609 0.836 0.803 0.787 2.597 2.188 0.866 
67 0.548 0.580 0.850 0.790 0.729 1.539 2.098 0.702 
68 0.515 0.521 0.877 0.857 0.593 2.673 1.921 0.742 
69 0.536 0.451 0.842 0.815 0.591 2.071 2.293 0.798 
70 0.478 0.537 0.808 0.853 0.735 1.300 2.148 0.743 
71 0.541 0.470 0.896 0.826 0.781 1.296 2.354 0.929 
72 0.482 0.592 0.872 0.790 0.664 1.810 1.697 0.703 
73 0.452 0.552 0.904 0.871 0.749 1.620 2.331 0.712 
74 0.412 0.415 0.834 0.784 0.742 2.095 2.910 0.828 
75 0.495 0.379 0.789 0.877 0.622 2.072 2.440 0.848 
76 0.449 0.612 0.885 0.843 0.624 2.471 2.905 0.839 
77 0.464 0.433 0.877 0.807 0.599 2.306 2.607 0.809 
78 0.523 0.446 0.872 0.791 0.773 1.992 2.937 0.847 
79 0.534 0.531 0.854 0.817 0.759 2.255 2.379 0.789 
80 0.474 0.457 0.897 0.848 0.753 2.045 2.594 0.749 
81 0.546 0.489 0.899 0.830 0.742 2.069 2.243 0.793 
82 0.498 0.376 0.850 0.794 0.707 1.830 2.702 0.884 
83 0.445 0.570 0.891 0.821 0.761 1.864 2.652 0.879 
84 0.483 0.361 0.878 0.788 0.609 2.294 2.339 0.766 
85 0.517 0.540 0.871 0.788 0.667 2.072 2.359 0.737 
86 0.548 0.466 0.827 0.852 0.593 1.989 2.849 0.855 
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87 0.424 0.434 0.773 0.807 0.623 2.499 2.379 0.907 
88 0.480 0.367 0.887 0.784 0.600 1.933 2.119 0.826 
89 0.422 0.386 0.892 0.812 0.716 2.493 2.228 0.852 
90 0.508 0.571 0.835 0.813 0.693 2.135 2.644 0.731 
91 0.493 0.377 0.843 0.844 0.773 2.116 2.356 0.838 
92 0.421 0.478 0.844 0.802 0.644 1.457 2.141 0.916 
93 0.434 0.614 0.818 0.847 0.666 2.392 1.619 0.765 
94 0.429 0.620 0.854 0.857 0.718 2.118 1.754 0.741 
95 0.487 0.452 0.800 0.803 0.652 2.324 1.737 0.915 
96 0.542 0.455 0.791 0.830 0.691 1.320 2.418 0.926 
97 0.537 0.376 0.823 0.820 0.646 2.374 1.763 0.858 
98 0.439 0.374 0.827 0.818 0.773 1.523 2.883 0.856 
99 0.496 0.423 0.804 0.838 0.754 1.699 1.617 0.740 
100 0.449 0.401 0.776 0.806 0.770 2.139 2.969 0.755 
101 0.526 0.582 0.853 0.812 0.615 1.657 2.067 0.769 
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APPENDIX F: MORPHOMETRIC DESCRIPTIVE STATISTICS FOR THE 
MODERN REFERENCE COLLECTION 
 
Note: the following materials represent the Online Resources provided with the article in 
preparation for Journal of Archaeological Sciences titled “Archaeological Applications 
of Phytolith Morphometrics.” 
 
Descriptive statistics of size for all reference specimens 
    
Area 
µm² 
Convex 
Area 
µm² 
Perimeter 
µm 
Convex 
Perimeter 
µm 
Length 
(Feret) 
µm 
Fiber 
Length 
µm 
Width 
µm 
ArEquivD 
µm 
MinR 
µm 
Setaria 
viridis Min  50.70 60.61 33.23 29.65 11.36 13.57 6.28 8.04 0.44 
  Max  840.24 1117.68 152.09 129.02 50.99 57.46 27.35 32.71 4.98 
  Med  368.10 485.16 101.83 87.29 33.19 37.71 16.87 21.65 1.92 
  Avg 368.07 485.43 98.55 84.69 32.69 36.78 16.49 21.09 2.01 
  
St 
dev 156.53 206.77 23.43 19.63 7.74 8.73 4.00 4.91 0.94 
Stipa 
capensis Min  33.23 35.94 27.65 26.05 11.50 12.11 3.51 6.51 0.99 
  Max  248.25 276.03 81.80 77.78 34.48 36.32 9.01 17.78 2.94 
  Med  59.73 68.05 39.53 36.23 15.95 16.78 5.96 8.72 1.56 
  Avg 85.89 99.14 44.69 41.60 18.08 18.90 6.28 10.07 1.60 
  
St 
dev 53.24 61.91 14.84 13.88 6.39 6.58 1.46 2.89 0.47 
Arundo 
donax Min  182.50 201.54 59.62 52.21 18.34 21.56 13.15 15.24 1.83 
  Max  507.46 589.29 112.93 93.16 34.31 40.36 20.64 25.42 4.36 
  Med  278.09 328.05 79.72 67.55 24.97 28.96 15.55 18.82 3.17 
  Avg 296.95 343.77 81.90 69.07 25.56 29.88 15.99 19.28 3.17 
  
St 
dev 79.45 95.12 13.02 9.86 3.93 4.99 2.23 2.55 0.71 
Oryza 
sativa Min  49.50 58.11 34.97 28.78 10.62 12.21 5.04 7.94 0.24 
  Max  111.80 140.21 56.48 44.23 16.05 19.42 11.53 11.93 1.87 
  Med  70.19 82.11 40.93 35.51 13.93 15.63 7.60 9.45 1.04 
  Avg 69.70 84.39 42.07 34.88 13.36 15.84 7.88 9.37 0.99 
  
St 
dev 15.79 19.77 5.25 3.62 1.47 1.69 1.50 1.03 0.43 
Andropogon 
gerardii Min  212.77 262.79 72.09 64.16 24.36 27.93 13.29 16.46 2.31 
  Max  502.22 601.65 113.14 92.40 36.13 43.07 21.58 25.29 4.66 
  Med  318.25 396.97 90.34 77.87 29.41 33.73 16.69 20.13 3.56 
  Avg 334.80 408.08 90.71 77.61 29.53 34.28 16.60 20.52 3.52 
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St 
dev 78.07 92.44 11.39 8.35 3.17 4.22 2.07 2.36 0.67 
Echinochloa 
crus-galli Min  85.90 113.06 49.16 41.13 15.78 16.32 8.20 10.46 0.41 
  Max  264.04 319.74 85.28 69.51 27.57 34.46 19.11 18.34 4.42 
  Med  170.52 221.11 66.75 57.93 21.80 26.56 12.36 14.73 1.48 
  Avg 170.24 215.51 66.56 56.20 21.59 25.64 12.34 14.59 2.00 
  
St 
dev 45.50 55.58 9.79 7.15 3.00 4.20 2.78 1.98 1.18 
Setaria 
pumila Min  56.26 68.75 35.20 30.95 11.42 13.07 6.66 8.46 0.43 
  Max  149.10 175.33 61.35 54.21 22.43 24.40 10.91 13.78 2.93 
  Med  102.51 123.73 49.66 43.79 17.37 19.00 7.78 11.42 1.55 
  Avg 101.13 123.01 49.28 43.64 17.06 18.95 8.32 11.27 1.59 
  
St 
dev 22.77 29.46 7.07 5.78 2.65 3.09 1.28 1.31 0.56 
 
Descriptive statistics of shape for all reference specimens 
    Circ Roundness Convexity Solidity Compactness 
Aspect 
Ratio Elongation Curl 
Setaria 
viridis Min  0.31 0.26 0.81 0.62 0.51 1.49 1.75 0.83 
  Max  0.61 0.57 0.92 0.86 0.76 2.77 3.15 0.95 
  Med  0.45 0.42 0.86 0.76 0.65 1.95 2.22 0.89 
  Avg 0.46 0.42 0.86 0.76 0.65 2.00 2.25 0.89 
  
St 
dev 0.05 0.06 0.02 0.05 0.05 0.27 0.27 0.03 
Stipa 
capensis Min  0.34 0.18 0.91 0.78 0.43 1.73 1.95 0.89 
  Max  0.73 0.53 0.95 0.94 0.73 4.54 4.78 1.00 
  Med  0.52 0.31 0.93 0.88 0.56 2.89 2.97 0.95 
  Avg 0.52 0.33 0.93 0.87 0.57 2.89 3.03 0.95 
  
St 
dev 0.10 0.09 0.01 0.05 0.08 0.74 0.77 0.03 
Arundo 
donax Min  0.45 0.46 0.76 0.82 0.68 1.30 1.53 0.74 
  Max  0.70 0.69 0.90 0.93 0.83 2.00 2.26 0.93 
  Med  0.54 0.58 0.85 0.87 0.76 1.55 1.85 0.87 
  Avg 0.55 0.58 0.85 0.87 0.76 1.60 1.87 0.86 
  
St 
dev 0.06 0.06 0.03 0.03 0.04 0.17 0.19 0.04 
Oryza 
sativa Min  0.41 0.34 0.76 0.78 0.59 1.29 1.53 0.70 
  Max  0.55 0.62 0.91 0.88 0.79 2.69 2.98 0.93 
  Med  0.49 0.50 0.82 0.83 0.71 1.62 2.04 0.85 
  Avg 0.49 0.50 0.83 0.83 0.70 1.75 2.06 0.84 
  
St 
dev 0.04 0.08 0.04 0.03 0.06 0.36 0.33 0.06 
Andropogon 
gerardii Min  0.44 0.38 0.81 0.75 0.62 1.49 1.75 0.78 
  Max  0.55 0.58 0.90 0.86 0.76 2.11 2.46 0.92 
  Med  0.51 0.48 0.86 0.82 0.69 1.77 2.06 0.87 
  Avg 0.51 0.48 0.86 0.82 0.70 1.79 2.07 0.86 
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St 
dev 0.03 0.05 0.02 0.03 0.04 0.16 0.18 0.03 
Echinochloa 
crus-galli Min  0.40 0.32 0.78 0.72 0.56 1.18 1.52 0.73 
  Max  0.64 0.67 0.89 0.89 0.82 2.67 3.11 0.97 
  Med  0.47 0.46 0.85 0.78 0.68 1.81 2.21 0.86 
  Avg 0.48 0.47 0.85 0.79 0.68 1.81 2.14 0.85 
  
St 
dev 0.05 0.09 0.03 0.05 0.07 0.37 0.40 0.05 
Setaria 
pumila Min  0.41 0.37 0.82 0.73 0.61 1.44 1.64 0.79 
  Max  0.63 0.59 0.93 0.91 0.77 2.71 2.98 0.95 
  Med  0.54 0.43 0.89 0.83 0.66 2.04 2.31 0.91 
  Avg 0.52 0.45 0.89 0.83 0.67 2.08 2.30 0.90 
  
St 
dev 0.06 0.07 0.04 0.05 0.05 0.38 0.39 0.04 
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APPENDIX G: MORPHOMETRIC MEASUREMENTS OF SIZE AND SHAPE 
FOR ARCHAEOLOGICAL BILOBATES 
 
Note: the following materials represent the Online Resources provided with the article in 
preparation for Journal of Archaeological Sciences titled “Archaeological Applications 
of Phytolith Morphometrics.” 
 
Morphometries of size for all archaeological samples 
Sample 
# 
Area 
µm² 
Convex 
Area µm² 
Perimeter 
µm 
Convex 
Perimeter 
µm 
Length 
(Feret) 
µm 
Fiber 
Length 
µm 
Width 
µm 
Equivalent 
Diameter 
(ArEquivD) 
µm 
Inscribed 
Radius 
(MinR) 
µm 
PHYTO 
21 118.31 143.75 54.33 47.24 18.33 19.85 9.59 12.27 1.14 
PHYTO 
21 178.38 201.60 59.40 53.35 19.42 20.82 12.19 15.07 3.46 
PHYTO 
21 159.06 207.63 65.81 58.12 22.94 24.60 10.27 14.23 1.19 
PHYTO 
21 141.81 177.05 64.97 51.85 19.86 24.06 10.48 13.44 0.79 
PHYTO 
21 110.26 125.13 48.01 41.45 15.23 17.70 10.45 11.85 2.61 
PHYTO 
21 123.00 165.13 63.44 50.24 19.32 23.46 10.22 12.51 1.07 
PHYTO 
21 124.50 140.40 51.19 43.48 15.24 18.63 10.77 12.59 2.01 
PHYTO 
21 177.96 217.79 69.69 59.37 24.25 26.48 10.72 15.05 0.77 
PHYTO 
21 89.58 108.00 45.71 41.33 15.79 17.93 7.66 10.68 1.58 
PHYTO 
21 221.31 259.45 75.39 63.26 24.92 29.00 11.94 16.79 1.59 
PHYTO 
21 53.50 66.77 37.89 33.82 13.70 14.79 5.82 8.25 0.80 
PHYTO 
21 212.11 247.64 71.28 61.51 23.54 27.74 12.26 16.43 2.17 
PHYTO 
21 105.22 128.36 49.19 44.09 17.17 18.83 8.79 11.57 1.79 
PHYTO 
21 114.08 139.32 52.31 44.68 16.43 19.37 9.59 12.05 1.66 
PHYTO 
23 141.63 164.02 55.86 51.01 20.11 22.48 9.22 13.43 2.31 
PHYTO 
23 151.01 179.69 58.43 51.12 19.34 21.77 11.01 13.87 2.46 
PHYTO 
24 34.46 41.02 27.57 23.86 8.58 10.14 5.65 6.62 1.20 
PHYTO 
24 120.78 175.93 66.01 59.30 25.82 28.16 7.94 12.40 0.89 
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PHYTO 
24 16.84 25.02 24.17 21.68 9.16 9.52 3.34 4.63 0.37 
PHYTO 
24 217.41 272.24 78.71 65.53 27.05 28.89 12.39 16.64 1.29 
PHYTO 
24 59.09 80.07 40.60 35.71 14.16 15.66 6.93 8.67 0.99 
PHYTO 
24 132.53 149.01 51.74 45.84 17.15 18.87 10.28 12.99 2.55 
PHYTO 
24 95.91 115.81 47.81 40.34 14.66 16.65 9.57 11.05 1.82 
PHYTO 
24 146.15 198.10 66.21 54.54 20.99 24.21 11.59 13.64 0.50 
PHYTO 
24 236.32 275.15 73.29 62.59 24.10 26.89 15.34 17.35 2.98 
PHYTO 
24 296.87 393.64 90.62 76.43 29.50 35.45 16.16 19.44 1.97 
PHYTO 
24 45.25 55.48 32.99 28.42 10.87 11.87 6.22 7.59 1.22 
PHYTO 
24 25.04 29.37 23.69 21.43 8.44 9.54 4.33 5.65 1.03 
PHYTO 
24 118.75 158.26 57.37 47.15 16.74 23.42 11.50 12.30 0.58 
PHYTO 
24 122.07 150.76 55.96 47.61 18.33 21.94 10.52 12.47 1.58 
PHYTO 
24 98.53 116.88 49.97 44.62 18.76 21.14 7.39 11.20 1.31 
PHYTO 
24 152.24 191.10 67.72 62.50 28.01 30.07 8.18 13.92 1.40 
PHYTO 
24 119.43 150.90 56.00 48.41 18.65 21.95 9.20 12.33 1.40 
PHYTO 
24 85.20 113.02 47.25 41.07 15.31 17.45 8.43 10.42 1.04 
PHYTO 
24 138.59 175.40 60.60 50.75 19.89 23.57 11.03 13.28 1.39 
PHYTO 
24 130.81 186.72 62.10 55.09 22.25 24.77 10.04 12.91 1.15 
PHYTO 
24 260.57 374.12 92.83 80.35 33.16 38.34 13.27 18.22 0.90 
PHYTO 
24 31.88 40.65 28.70 24.68 9.61 10.92 5.00 6.37 0.67 
PHYTO 
24 34.48 42.59 28.60 25.72 9.78 11.58 5.67 6.63 1.08 
PHYTO 
24 207.48 280.89 80.13 63.14 22.87 28.18 15.85 16.25 2.13 
PHYTO 
24 142.58 205.81 69.67 60.83 25.59 28.06 9.89 13.47 0.45 
PHYTO 
24 175.56 203.29 62.37 53.54 19.51 22.00 12.16 14.95 2.56 
G18-
5971 81.37 103.42 45.10 39.60 15.33 17.85 8.70 10.18 1.39 
G18-
5971 33.17 37.28 25.97 24.11 9.43 10.30 4.62 6.50 1.23 
G18-
5971 212.46 264.93 76.97 68.89 28.77 31.01 11.42 16.45 2.13 
G18-
5971 178.82 220.49 67.97 57.20 22.45 25.76 12.66 15.09 2.40 
G18-
5971 126.83 152.79 55.24 46.94 17.50 21.93 10.10 12.71 1.75 
G18-
5971 167.88 205.47 65.08 56.51 22.21 25.35 10.60 14.62 1.74 
G18-
5971 189.87 255.51 72.33 64.15 25.54 27.25 11.67 15.55 1.59 
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G18-
5971 198.30 289.89 80.67 68.68 27.35 31.01 12.12 15.89 0.38 
G18-
5971 112.74 154.39 56.61 48.67 18.74 21.95 9.51 11.98 0.77 
G18-
5971 148.95 223.88 72.36 59.29 23.29 26.48 11.20 13.77 0.34 
G18-
5971 32.68 38.50 27.49 23.02 8.48 11.37 5.82 6.45 1.18 
G18-
5971 138.07 181.60 61.52 53.89 21.86 24.19 9.84 13.26 1.32 
G18-
5971 34.88 44.74 30.58 26.82 10.66 12.25 4.83 6.66 0.56 
G18-
5971 21.55 26.60 22.87 20.45 8.24 8.97 4.13 5.24 0.75 
G18-
5971 134.79 188.02 66.27 59.63 24.83 27.48 8.40 13.10 0.71 
G18-
5971 159.39 212.61 66.76 55.98 21.52 25.23 12.08 14.25 1.29 
G18-
5971 132.25 170.47 61.69 55.44 22.83 24.33 9.10 12.98 1.31 
G18-
5971 134.81 205.66 69.38 59.56 23.71 26.95 10.24 13.10 0.84 
G18-
5971 211.84 286.22 84.27 72.12 30.24 34.94 11.39 16.42 1.39 
G18-
5971 82.70 102.94 43.49 39.06 14.36 16.77 8.10 10.26 1.67 
G18-
5971 110.75 134.29 49.48 45.21 17.50 20.30 9.46 11.88 2.48 
G18-
5971 97.22 122.85 48.37 44.15 16.73 19.87 8.74 11.13 1.72 
G18-
5971 109.24 129.66 48.64 44.15 17.31 19.62 8.94 11.79 2.20 
G18-
5971 96.65 120.90 50.01 43.96 17.81 18.44 8.06 11.09 1.16 
G18-
5971 29.40 37.73 27.92 23.74 8.88 10.32 4.99 6.12 0.67 
G18-
5971 33.38 41.65 29.09 25.64 10.37 10.92 5.01 6.52 0.85 
G18-
5971 25.04 30.17 23.71 20.79 7.51 9.74 5.04 5.65 1.15 
G18-
5971 207.84 264.21 72.36 63.37 24.42 28.19 12.77 16.27 2.41 
G18-
5971 115.43 143.81 52.75 45.30 16.72 21.54 10.73 12.12 2.35 
G18-
5971 171.73 217.14 70.58 61.06 25.21 25.95 9.65 14.79 0.93 
G18-
5971 74.95 93.62 43.65 39.82 16.12 18.03 6.82 9.77 1.41 
G18-
5971 113.50 134.23 51.49 47.05 18.98 19.84 7.95 12.02 1.90 
G18-
5971 227.51 313.75 85.74 71.44 29.27 33.81 13.07 17.02 0.80 
G18-
5971 29.38 37.74 27.77 24.22 9.71 11.11 4.98 6.12 0.67 
G18-
5971 96.54 145.31 57.12 48.24 18.51 22.49 9.51 11.09 0.88 
G18-
5971 232.57 316.37 86.30 72.02 29.42 34.14 13.16 17.21 0.82 
G18-
5971 343.57 476.53 102.62 88.25 33.87 38.19 17.41 20.92 1.77 
G18-
5971 183.14 241.50 69.73 60.23 23.05 25.84 11.83 15.27 1.62 
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G18-
5971 30.35 40.11 28.13 24.55 9.37 11.72 4.96 6.22 0.82 
G18-
5971 130.64 168.46 58.60 50.16 18.97 21.33 10.31 12.90 1.58 
G18-
5971 108.67 130.20 51.79 46.24 19.01 19.94 8.51 11.76 1.85 
G18-
5971 138.48 179.87 65.37 57.96 24.29 26.82 8.45 13.28 1.23 
G18-
5971 142.99 180.32 59.86 53.06 21.24 22.24 10.16 13.49 1.76 
G18-
5971 120.70 158.69 57.71 49.17 18.61 22.17 9.69 12.40 1.34 
G18-
5971 238.37 329.79 84.40 72.65 27.64 31.03 13.06 17.42 1.40 
G18-
5971 141.00 162.39 54.39 48.38 18.78 23.03 11.39 13.40 2.95 
G18-
5971 178.06 227.82 70.00 60.47 24.35 26.74 11.54 15.06 1.56 
G18-
5971 193.26 229.62 66.13 57.30 21.35 25.22 13.15 15.69 2.74 
G18-
5971 178.12 217.27 67.47 59.39 23.56 25.89 10.50 15.06 1.14 
G18-
5971 205.10 271.15 77.06 65.47 25.18 29.00 12.11 16.16 1.55 
G18-
5971 147.01 217.87 69.17 59.12 23.59 29.13 11.54 13.68 1.35 
G18-
5971 75.56 106.16 48.67 42.56 17.44 19.20 7.59 9.81 0.89 
G18-
5971 121.83 168.70 63.37 56.28 23.86 27.89 8.72 12.45 0.92 
G18-
5971 208.90 284.92 79.89 64.25 23.78 30.05 14.26 16.31 1.51 
G18-
5971 173.67 194.25 58.63 52.67 19.79 23.30 11.51 14.87 2.71 
G18-
5971 131.80 179.01 63.88 56.88 23.19 24.67 8.48 12.95 0.53 
G18-
5971 103.49 150.38 59.80 54.01 22.53 24.66 8.14 11.48 0.72 
G18-
5971 120.75 148.51 55.02 48.36 18.72 19.75 9.02 12.40 0.93 
G18-
5971 127.30 154.47 55.48 46.95 17.36 20.63 10.55 12.73 1.34 
G18-
5971 91.39 109.23 44.09 39.77 14.56 17.13 9.05 10.79 2.00 
G18-
5971 136.83 177.22 60.50 50.75 18.99 23.00 11.10 13.20 1.38 
I18-
1942 179.41 227.08 68.43 57.80 21.42 24.77 12.19 15.11 1.23 
I18-
1942 85.68 110.15 47.64 41.05 15.69 18.98 8.39 10.45 1.24 
I18-
1942 103.34 128.85 50.94 45.72 17.68 20.34 8.29 11.47 1.53 
I18-
1942 186.78 228.70 68.27 56.79 21.13 24.27 13.88 15.42 1.67 
I18-
1942 131.45 171.07 60.19 53.18 21.98 25.86 9.03 12.94 1.14 
I18-
1942 298.28 346.89 85.20 71.09 26.37 31.72 15.33 19.49 2.56 
I18-
1942 136.57 181.92 62.77 55.33 23.06 23.90 9.23 13.19 1.24 
I18-
1942 33.43 40.43 30.55 27.81 11.96 13.30 3.92 6.52 0.43 
 262 
 
I18-
1942 113.20 155.88 56.84 49.41 19.64 23.80 9.90 12.01 0.96 
I18-
1942 335.04 447.60 99.11 81.31 30.27 37.93 17.22 20.65 2.60 
I18-
1942 120.21 142.39 52.35 47.23 18.65 19.69 8.75 12.37 1.55 
I18-
1942 29.64 35.64 26.41 23.61 9.30 10.40 4.28 6.14 0.77 
I18-
1942 144.65 174.75 58.24 51.67 19.72 22.27 10.16 13.57 1.21 
I18-
1942 107.06 129.89 51.32 44.70 17.47 19.38 8.75 11.68 1.63 
I18-
1942 187.36 246.34 72.24 63.33 25.01 28.03 11.51 15.45 1.73 
I18-
1942 161.71 205.63 67.54 59.31 24.59 26.42 10.35 14.35 1.16 
I18-
1942 220.57 248.36 68.01 60.11 23.30 24.25 12.64 16.76 2.69 
I18-
1942 162.56 206.42 63.87 55.30 20.65 24.48 11.77 14.39 1.31 
I18-
1942 164.88 203.82 62.96 55.93 21.54 23.69 11.53 14.49 2.22 
I18-
1942 124.46 146.54 55.39 46.69 18.25 20.22 9.77 12.59 1.44 
I18-
1942 193.37 220.51 63.63 56.85 21.45 24.74 11.95 15.69 3.08 
I18-
1942 158.40 197.82 68.70 61.71 26.35 28.17 8.36 14.20 1.24 
I18-
1942 66.04 79.09 38.62 34.56 12.67 14.48 7.47 9.17 1.68 
I18-
1942 214.73 284.50 79.56 62.42 21.68 29.89 14.99 16.54 1.29 
I18-
1942 45.52 58.38 34.64 31.22 13.02 13.52 5.41 7.61 0.90 
I18-
1942 115.11 143.63 55.17 47.54 17.71 21.34 10.18 12.11 1.35 
I18-
1942 19.19 147.94 51.25 46.56 17.65 50.10 9.54 4.94 2.65 
I18-
1942 112.41 128.18 48.50 43.54 16.67 17.83 8.77 11.96 2.22 
I18-
1942 184.81 222.35 64.72 54.94 19.24 24.35 14.31 15.34 2.76 
I18-
1942 135.98 167.68 60.33 53.61 21.96 24.13 8.55 13.16 1.20 
I18-
1942 131.66 173.58 62.94 54.51 22.85 23.87 9.03 12.95 0.27 
I18-
1942 85.70 127.68 55.82 47.46 18.93 22.77 8.28 10.45 0.74 
I18-
1942 215.07 288.45 82.86 66.19 25.54 34.07 13.58 16.55 1.43 
I18-
1942 221.39 282.64 79.07 64.46 25.05 28.93 13.90 16.79 1.51 
I18-
1942 202.17 242.16 69.29 59.20 22.17 24.37 13.57 16.04 2.60 
I18-
1942 115.91 129.22 48.20 42.95 16.79 18.74 9.24 12.15 1.84 
I18-
1942 125.42 157.51 55.53 49.40 19.09 20.90 9.30 12.64 1.81 
I18-
1942 165.08 185.07 57.34 49.87 18.12 20.64 13.44 14.50 3.39 
I18-
1942 108.57 128.23 49.95 41.56 14.49 17.75 11.19 11.76 3.10 
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I18-
1942 98.20 126.08 49.08 42.68 15.93 18.70 9.66 11.18 1.72 
I18-
1942 115.34 129.41 48.74 42.53 15.78 17.79 9.63 12.12 1.99 
I18-
1942 99.74 129.84 50.23 43.52 15.96 18.54 10.02 11.27 1.68 
I18-
1942 98.96 111.85 45.67 39.66 14.79 17.67 9.06 11.23 1.57 
I18-
1942 222.70 292.17 77.84 67.58 26.17 29.68 12.62 16.84 0.96 
I18-
1942 104.38 122.98 49.40 44.57 18.45 19.60 7.77 11.53 1.18 
I18-
1942 169.21 194.55 63.79 51.64 18.48 22.40 13.15 14.68 1.61 
I18-
1942 79.63 88.32 38.50 35.96 13.95 14.37 7.39 10.07 2.60 
I18-
1942 75.80 98.35 48.09 43.33 18.68 18.51 6.11 9.82 0.71 
I18-
1942 144.40 199.91 73.43 63.00 27.18 29.35 8.38 13.56 0.41 
I18-
1942 148.87 185.82 59.98 52.78 20.11 22.63 10.60 13.77 2.05 
I18-
1942 72.31 84.95 39.21 35.48 13.75 15.01 7.40 9.60 1.52 
I18-
1942 194.02 264.59 76.08 64.58 25.32 27.68 12.00 15.72 0.38 
I18-
1942 236.65 329.63 89.48 74.62 29.90 34.93 12.45 17.36 1.79 
I18-
1942 189.09 229.48 69.06 61.59 24.30 27.14 10.45 15.52 2.11 
I18-
1942 163.35 221.25 68.16 57.81 22.30 26.98 12.31 14.42 1.15 
I18-
1942 111.17 136.95 52.40 46.51 18.57 18.93 8.66 11.90 1.56 
I18-
1942 91.74 105.86 43.17 38.25 13.60 16.13 9.03 10.81 2.33 
I18-
1942 91.89 123.73 54.13 49.14 20.87 23.32 6.59 10.82 0.85 
I18-
1942 118.66 136.01 51.82 47.91 19.93 20.89 7.68 12.29 2.07 
I18-
1942 107.81 124.83 47.14 41.48 14.94 18.01 9.96 11.72 2.11 
I18-
1942 110.68 136.31 51.74 45.08 17.18 19.96 9.77 11.87 1.54 
I18-
1942 103.85 134.30 54.82 49.97 21.10 22.56 7.50 11.50 1.21 
I18-
1942 122.81 158.62 60.47 52.24 21.36 23.67 8.29 12.51 1.23 
I18-
1942 309.83 384.48 90.19 75.55 28.86 35.02 15.95 19.86 1.98 
I18-
1942 225.96 290.27 77.87 68.23 27.66 28.74 12.43 16.96 1.99 
I18-
1942 174.06 213.00 64.22 56.36 21.62 22.20 12.02 14.89 1.83 
I18-
1942 166.52 193.88 61.40 53.01 20.21 23.77 11.35 14.56 2.31 
I18-
1942 95.91 119.83 48.41 42.81 16.67 18.02 8.43 11.05 1.31 
I18-
1942 98.58 118.96 47.12 43.52 16.96 18.04 8.02 11.20 1.78 
I18-
1942 117.01 145.25 54.66 49.32 19.41 20.93 8.25 12.21 1.43 
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I18-
1942 184.85 237.25 72.03 62.33 25.23 26.75 10.69 15.34 0.72 
I18-
1942 61.89 71.60 35.13 32.37 11.62 14.07 7.55 8.88 2.27 
I18-
1942 26.54 33.01 26.33 21.76 7.92 9.46 5.48 5.81 0.86 
I18-
1942 44.52 62.00 36.64 31.16 12.46 14.02 6.03 7.53 0.45 
I18-
1942 168.68 213.28 67.90 57.16 21.92 24.48 10.74 14.66 0.90 
I18-
1942 107.28 133.59 53.05 48.01 19.75 21.57 7.95 11.69 1.56 
I18-
1942 189.38 249.95 70.90 61.46 23.47 28.96 12.81 15.53 2.59 
I18-
1942 196.39 240.66 72.44 63.93 26.54 27.10 10.32 15.81 1.33 
I18-
1942 87.06 111.19 47.60 41.42 16.42 17.86 7.83 10.53 0.59 
I18-
1942 251.30 342.07 86.04 76.63 32.15 34.43 12.59 17.89 1.92 
I18-
1942 259.19 338.51 90.23 75.57 30.89 35.31 12.62 18.17 0.45 
I18-
1942 158.71 197.58 64.08 57.13 24.20 26.62 10.04 14.22 1.73 
I18-
1942 217.07 263.49 79.01 67.95 28.19 31.24 10.88 16.63 1.16 
I18-
1942 63.61 76.55 37.01 33.29 12.44 14.30 7.40 9.00 1.69 
I18-
1942 145.65 189.95 64.69 58.19 24.53 26.14 9.14 13.62 1.13 
I18-
1942 176.15 218.11 64.89 57.31 21.89 25.29 11.63 14.98 2.01 
I18-
1942 151.62 176.14 55.80 49.65 17.61 21.50 11.91 13.89 2.91 
I18-
1942 166.67 218.32 69.75 59.92 24.45 26.71 10.49 14.57 0.97 
I18-
1942 207.76 275.01 76.91 67.98 27.94 31.66 11.12 16.26 1.64 
I18-
1942 63.42 73.76 39.08 31.53 11.32 14.22 7.89 8.99 1.12 
I18-
1942 39.12 48.47 29.74 26.68 10.28 10.98 5.97 7.06 1.15 
I18-
1942 34.69 40.17 26.69 24.42 9.69 10.43 5.10 6.65 1.27 
I18-
1942 135.11 184.57 64.30 57.45 23.58 24.49 9.17 13.12 0.61 
I18-
1942 256.70 330.80 85.71 73.50 29.05 30.67 12.69 18.08 2.01 
I18-
1942 252.46 340.25 85.79 74.25 29.08 30.48 13.09 17.93 1.84 
I18-
1942 139.64 185.94 61.48 53.76 20.41 24.47 10.36 13.33 1.61 
I18-
1942 158.48 199.56 63.34 53.25 20.17 24.29 12.09 14.21 1.33 
I18-
1942 43.35 55.41 34.36 28.50 10.63 12.71 6.57 7.43 0.60 
I18-
1942 194.25 279.45 79.75 68.71 28.08 31.58 11.77 15.73 0.61 
I18-
1942 154.12 192.25 61.91 54.02 20.12 23.84 10.89 14.01 1.56 
I18-
1942 80.84 107.65 48.58 44.03 18.45 19.05 6.40 10.15 0.67 
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I18-
1942 185.57 240.00 70.15 59.07 22.30 27.55 12.75 15.37 0.88 
I18-
1942 94.47 115.86 45.70 41.05 15.05 15.98 9.39 10.97 2.25 
I18-
1942 141.67 181.99 62.22 55.44 22.60 25.01 9.02 13.43 0.83 
K18-
5935 161.25 204.44 66.32 57.62 23.42 25.58 10.30 14.33 1.30 
K18-
5935 187.82 256.08 75.22 63.85 25.40 29.54 11.65 15.46 1.31 
K18-
5935 134.63 193.13 67.23 58.42 23.52 26.64 8.98 13.09 0.43 
K18-
5935 116.73 137.08 50.74 45.28 17.74 21.21 9.29 12.19 1.93 
K18-
5935 255.94 341.74 85.82 69.99 25.84 32.26 15.52 18.05 1.97 
K18-
5935 48.67 73.67 40.31 35.96 14.99 16.20 5.76 7.87 0.59 
K18-
5935 141.88 166.95 56.62 50.30 18.33 22.73 10.75 13.44 2.47 
K18-
5935 130.07 178.82 61.86 51.86 20.92 24.91 11.19 12.87 1.72 
K18-
5935 189.14 226.35 65.12 56.56 21.02 26.58 13.27 15.52 3.13 
K18-
5935 117.11 144.65 54.64 47.61 19.37 21.90 9.58 12.21 1.23 
K18-
5935 180.89 246.31 75.96 65.97 27.38 30.19 10.58 15.18 0.80 
K18-
5935 46.02 62.54 37.09 33.01 13.46 14.79 5.34 7.66 0.42 
K18-
5935 43.10 57.27 34.04 28.59 10.61 12.14 6.64 7.41 0.47 
 
Morphometries of shape for all archaeological samples 
Sample 
# 
Form 
Factor 
(Circ) Roundness Convexity Solidity Compactness 
Aspect 
Ratio Elongation Curl 
PHYTO 
21 0.50 0.45 0.87 0.82 0.67 1.91 2.07 0.92 
PHYTO 
21 0.64 0.60 0.90 0.89 0.78 1.59 1.71 0.93 
PHYTO 
21 0.46 0.39 0.88 0.77 0.62 2.23 2.40 0.93 
PHYTO 
21 0.42 0.46 0.80 0.80 0.68 1.89 2.30 0.83 
PHYTO 
21 0.60 0.61 0.86 0.88 0.78 1.46 1.69 0.86 
PHYTO 
21 0.38 0.42 0.79 0.75 0.65 1.89 2.29 0.82 
PHYTO 
21 0.60 0.68 0.85 0.89 0.83 1.42 1.73 0.82 
PHYTO 
21 0.46 0.39 0.85 0.82 0.62 2.26 2.47 0.92 
PHYTO 
21 0.54 0.46 0.90 0.83 0.68 2.06 2.34 0.88 
PHYTO 
21 0.49 0.45 0.84 0.85 0.67 2.09 2.43 0.86 
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PHYTO 
21 0.47 0.36 0.89 0.80 0.60 2.35 2.54 0.93 
PHYTO 
21 0.53 0.49 0.86 0.86 0.70 1.92 2.26 0.85 
PHYTO 
21 0.55 0.45 0.90 0.82 0.67 1.95 2.14 0.91 
PHYTO 
21 0.52 0.54 0.85 0.82 0.73 1.71 2.02 0.85 
PHYTO 
23 0.57 0.45 0.91 0.86 0.67 2.18 2.44 0.90 
PHYTO 
23 0.56 0.51 0.88 0.84 0.72 1.76 1.98 0.89 
PHYTO 
24 0.57 0.60 0.87 0.84 0.77 1.52 1.80 0.85 
PHYTO 
24 0.35 0.23 0.90 0.69 0.48 3.25 3.55 0.92 
PHYTO 
24 0.36 0.26 0.90 0.67 0.51 2.74 2.85 0.96 
PHYTO 
24 0.44 0.38 0.83 0.80 0.62 2.18 2.33 0.94 
PHYTO 
24 0.45 0.38 0.88 0.74 0.61 2.04 2.26 0.90 
PHYTO 
24 0.62 0.57 0.89 0.89 0.76 1.67 1.84 0.91 
PHYTO 
24 0.53 0.57 0.84 0.83 0.75 1.53 1.74 0.88 
PHYTO 
24 0.42 0.42 0.82 0.74 0.65 1.81 2.09 0.87 
PHYTO 
24 0.55 0.52 0.85 0.86 0.72 1.57 1.75 0.90 
PHYTO 
24 0.45 0.43 0.84 0.75 0.66 1.83 2.19 0.83 
PHYTO 
24 0.52 0.49 0.86 0.82 0.70 1.75 1.91 0.92 
PHYTO 
24 0.56 0.45 0.91 0.85 0.67 1.95 2.20 0.89 
PHYTO 
24 0.45 0.54 0.82 0.75 0.74 1.46 2.04 0.72 
PHYTO 
24 0.49 0.46 0.85 0.81 0.68 1.74 2.09 0.84 
PHYTO 
24 0.50 0.36 0.89 0.84 0.60 2.54 2.86 0.89 
PHYTO 
24 0.42 0.25 0.92 0.80 0.50 3.42 3.67 0.93 
PHYTO 
24 0.48 0.44 0.87 0.79 0.66 2.03 2.39 0.85 
PHYTO 
24 0.48 0.46 0.87 0.75 0.68 1.82 2.07 0.88 
PHYTO 
24 0.47 0.45 0.84 0.79 0.67 1.80 2.14 0.84 
PHYTO 
24 0.43 0.34 0.89 0.70 0.58 2.22 2.47 0.90 
PHYTO 
24 0.38 0.30 0.87 0.70 0.55 2.50 2.89 0.87 
PHYTO 
24 0.49 0.44 0.86 0.78 0.66 1.92 2.18 0.88 
PHYTO 
24 0.53 0.46 0.90 0.81 0.68 1.73 2.04 0.85 
PHYTO 
24 0.41 0.51 0.79 0.74 0.71 1.44 1.78 0.81 
PHYTO 
24 0.37 0.28 0.87 0.69 0.53 2.59 2.84 0.91 
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PHYTO 
24 0.57 0.59 0.86 0.86 0.77 1.60 1.81 0.89 
G18-
5971 0.50 0.44 0.88 0.79 0.66 1.76 2.05 0.86 
G18-
5971 0.62 0.48 0.93 0.89 0.69 2.04 2.23 0.92 
G18-
5971 0.45 0.33 0.90 0.80 0.57 2.52 2.72 0.93 
G18-
5971 0.49 0.45 0.84 0.81 0.67 1.77 2.04 0.87 
G18-
5971 0.52 0.53 0.85 0.83 0.73 1.73 2.17 0.80 
G18-
5971 0.50 0.43 0.87 0.82 0.66 2.09 2.39 0.88 
G18-
5971 0.46 0.37 0.89 0.74 0.61 2.19 2.34 0.94 
G18-
5971 0.38 0.34 0.85 0.68 0.58 2.26 2.56 0.88 
G18-
5971 0.44 0.41 0.86 0.73 0.64 1.97 2.31 0.85 
G18-
5971 0.36 0.35 0.82 0.67 0.59 2.08 2.36 0.88 
G18-
5971 0.54 0.58 0.84 0.85 0.76 1.46 1.95 0.75 
G18-
5971 0.46 0.37 0.88 0.76 0.61 2.22 2.46 0.90 
G18-
5971 0.47 0.39 0.88 0.78 0.63 2.21 2.54 0.87 
G18-
5971 0.52 0.41 0.89 0.81 0.64 1.99 2.17 0.92 
G18-
5971 0.39 0.28 0.90 0.72 0.53 2.96 3.27 0.90 
G18-
5971 0.45 0.44 0.84 0.75 0.66 1.78 2.09 0.85 
G18-
5971 0.44 0.32 0.90 0.78 0.57 2.51 2.67 0.94 
G18-
5971 0.35 0.31 0.86 0.66 0.55 2.32 2.63 0.88 
G18-
5971 0.38 0.30 0.86 0.74 0.54 2.65 3.07 0.87 
G18-
5971 0.55 0.51 0.90 0.80 0.71 1.77 2.07 0.86 
G18-
5971 0.57 0.46 0.91 0.83 0.68 1.85 2.15 0.86 
G18-
5971 0.52 0.44 0.91 0.79 0.67 1.91 2.27 0.84 
G18-
5971 0.58 0.46 0.91 0.84 0.68 1.94 2.19 0.88 
G18-
5971 0.49 0.39 0.88 0.80 0.62 2.21 2.29 0.97 
G18-
5971 0.47 0.48 0.85 0.78 0.69 1.78 2.07 0.86 
G18-
5971 0.50 0.40 0.88 0.80 0.63 2.07 2.18 0.95 
G18-
5971 0.56 0.57 0.88 0.83 0.75 1.49 1.94 0.77 
G18-
5971 0.50 0.44 0.88 0.79 0.67 1.91 2.21 0.87 
G18-
5971 0.52 0.53 0.86 0.80 0.73 1.56 2.01 0.78 
G18-
5971 0.43 0.34 0.87 0.79 0.59 2.61 2.69 0.97 
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G18-
5971 0.49 0.37 0.91 0.80 0.61 2.36 2.64 0.89 
G18-
5971 0.54 0.40 0.91 0.85 0.63 2.39 2.50 0.96 
G18-
5971 0.39 0.34 0.83 0.73 0.58 2.24 2.59 0.87 
G18-
5971 0.48 0.40 0.87 0.78 0.63 1.95 2.23 0.88 
G18-
5971 0.37 0.36 0.85 0.66 0.60 1.95 2.37 0.82 
G18-
5971 0.39 0.34 0.84 0.74 0.59 2.24 2.59 0.86 
G18-
5971 0.41 0.38 0.86 0.72 0.62 1.95 2.19 0.89 
G18-
5971 0.47 0.44 0.86 0.76 0.66 1.95 2.18 0.89 
G18-
5971 0.48 0.44 0.87 0.76 0.66 1.89 2.36 0.80 
G18-
5971 0.48 0.46 0.86 0.78 0.68 1.84 2.07 0.89 
G18-
5971 0.51 0.38 0.89 0.84 0.62 2.24 2.34 0.95 
G18-
5971 0.41 0.30 0.89 0.77 0.55 2.87 3.17 0.91 
G18-
5971 0.50 0.40 0.89 0.79 0.64 2.09 2.19 0.96 
G18-
5971 0.46 0.44 0.85 0.76 0.67 1.92 2.29 0.84 
G18-
5971 0.42 0.40 0.86 0.72 0.63 2.12 2.38 0.89 
G18-
5971 0.60 0.51 0.89 0.87 0.71 1.65 2.02 0.82 
G18-
5971 0.46 0.38 0.86 0.78 0.62 2.11 2.32 0.91 
G18-
5971 0.56 0.54 0.87 0.84 0.74 1.62 1.92 0.85 
G18-
5971 0.49 0.41 0.88 0.82 0.64 2.24 2.46 0.91 
G18-
5971 0.43 0.41 0.85 0.76 0.64 2.08 2.40 0.87 
G18-
5971 0.39 0.34 0.86 0.68 0.58 2.04 2.52 0.81 
G18-
5971 0.40 0.32 0.87 0.71 0.56 2.30 2.53 0.91 
G18-
5971 0.38 0.27 0.89 0.72 0.52 2.74 3.20 0.86 
G18-
5971 0.41 0.47 0.80 0.73 0.69 1.67 2.11 0.79 
G18-
5971 0.64 0.57 0.90 0.89 0.75 1.72 2.02 0.85 
G18-
5971 0.41 0.31 0.89 0.74 0.56 2.74 2.91 0.94 
G18-
5971 0.36 0.26 0.90 0.69 0.51 2.77 3.03 0.91 
G18-
5971 0.50 0.44 0.88 0.81 0.66 2.08 2.19 0.95 
G18-
5971 0.52 0.54 0.85 0.82 0.73 1.65 1.96 0.84 
G18-
5971 0.59 0.55 0.90 0.84 0.74 1.61 1.89 0.85 
G18-
5971 0.47 0.48 0.84 0.77 0.70 1.71 2.07 0.83 
 269 
 
I18-
1942 0.48 0.50 0.85 0.79 0.71 1.76 2.03 0.87 
I18-
1942 0.47 0.44 0.86 0.78 0.67 1.87 2.26 0.83 
I18-
1942 0.50 0.42 0.90 0.80 0.65 2.13 2.45 0.87 
I18-
1942 0.50 0.53 0.83 0.82 0.73 1.52 1.75 0.87 
I18-
1942 0.46 0.35 0.88 0.77 0.59 2.44 2.87 0.85 
I18-
1942 0.52 0.55 0.83 0.86 0.74 1.72 2.07 0.83 
I18-
1942 0.44 0.33 0.88 0.75 0.57 2.50 2.59 0.97 
I18-
1942 0.45 0.30 0.91 0.83 0.55 3.05 3.40 0.90 
I18-
1942 0.44 0.37 0.87 0.73 0.61 1.98 2.40 0.83 
I18-
1942 0.43 0.47 0.82 0.75 0.68 1.76 2.20 0.80 
I18-
1942 0.55 0.44 0.90 0.84 0.66 2.13 2.25 0.95 
I18-
1942 0.53 0.44 0.89 0.83 0.66 2.17 2.43 0.89 
I18-
1942 0.54 0.47 0.89 0.83 0.69 1.94 2.19 0.89 
I18-
1942 0.51 0.45 0.87 0.82 0.67 2.00 2.22 0.90 
I18-
1942 0.45 0.38 0.88 0.76 0.62 2.17 2.44 0.89 
I18-
1942 0.45 0.34 0.88 0.79 0.58 2.38 2.55 0.93 
I18-
1942 0.60 0.52 0.88 0.89 0.72 1.84 1.92 0.96 
I18-
1942 0.50 0.49 0.87 0.79 0.70 1.75 2.08 0.84 
I18-
1942 0.52 0.45 0.89 0.81 0.67 1.87 2.05 0.91 
I18-
1942 0.51 0.48 0.84 0.85 0.69 1.87 2.07 0.90 
I18-
1942 0.60 0.54 0.89 0.88 0.73 1.80 2.07 0.87 
I18-
1942 0.42 0.29 0.90 0.80 0.54 3.15 3.37 0.94 
I18-
1942 0.56 0.52 0.90 0.84 0.72 1.70 1.94 0.88 
I18-
1942 0.43 0.58 0.79 0.76 0.76 1.45 1.99 0.73 
I18-
1942 0.48 0.34 0.90 0.78 0.59 2.41 2.50 0.96 
I18-
1942 0.48 0.47 0.86 0.80 0.68 1.74 2.10 0.83 
I18-
1942 0.09 0.08 0.91 0.13 0.28 1.85 5.26 0.35 
I18-
1942 0.60 0.52 0.90 0.88 0.72 1.90 2.03 0.94 
I18-
1942 0.55 0.64 0.85 0.83 0.80 1.35 1.70 0.79 
I18-
1942 0.47 0.36 0.89 0.81 0.60 2.57 2.82 0.91 
I18-
1942 0.42 0.32 0.87 0.76 0.57 2.53 2.64 0.96 
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I18-
1942 0.35 0.30 0.85 0.67 0.55 2.29 2.75 0.83 
I18-
1942 0.39 0.42 0.80 0.75 0.65 1.88 2.51 0.75 
I18-
1942 0.45 0.45 0.82 0.78 0.67 1.80 2.08 0.87 
I18-
1942 0.53 0.52 0.85 0.84 0.72 1.63 1.80 0.91 
I18-
1942 0.63 0.52 0.89 0.90 0.72 1.82 2.03 0.90 
I18-
1942 0.51 0.44 0.89 0.80 0.66 2.05 2.25 0.91 
I18-
1942 0.63 0.64 0.87 0.89 0.80 1.35 1.54 0.88 
I18-
1942 0.55 0.66 0.83 0.85 0.81 1.30 1.59 0.82 
I18-
1942 0.51 0.49 0.87 0.78 0.70 1.65 1.94 0.85 
I18-
1942 0.61 0.59 0.87 0.89 0.77 1.64 1.85 0.89 
I18-
1942 0.50 0.50 0.87 0.77 0.71 1.59 1.85 0.86 
I18-
1942 0.60 0.58 0.87 0.89 0.76 1.63 1.95 0.84 
I18-
1942 0.46 0.41 0.87 0.76 0.64 2.08 2.35 0.88 
I18-
1942 0.54 0.39 0.90 0.85 0.63 2.37 2.52 0.94 
I18-
1942 0.52 0.63 0.81 0.87 0.79 1.41 1.70 0.83 
I18-
1942 0.68 0.52 0.93 0.90 0.72 1.89 1.94 0.97 
I18-
1942 0.41 0.28 0.90 0.77 0.53 3.06 3.03 1.01 
I18-
1942 0.34 0.25 0.86 0.72 0.50 3.25 3.50 0.93 
I18-
1942 0.52 0.47 0.88 0.80 0.69 1.90 2.14 0.89 
I18-
1942 0.59 0.49 0.91 0.85 0.70 1.86 2.03 0.92 
I18-
1942 0.42 0.39 0.85 0.73 0.62 2.11 2.31 0.91 
I18-
1942 0.37 0.34 0.83 0.72 0.58 2.40 2.81 0.86 
I18-
1942 0.50 0.41 0.89 0.82 0.64 2.33 2.60 0.90 
I18-
1942 0.44 0.42 0.85 0.74 0.65 1.81 2.19 0.83 
I18-
1942 0.51 0.41 0.89 0.81 0.64 2.14 2.19 0.98 
I18-
1942 0.62 0.63 0.89 0.87 0.80 1.51 1.79 0.84 
I18-
1942 0.39 0.27 0.91 0.74 0.52 3.17 3.54 0.90 
I18-
1942 0.56 0.38 0.93 0.87 0.62 2.59 2.72 0.95 
I18-
1942 0.61 0.62 0.88 0.86 0.78 1.50 1.81 0.83 
I18-
1942 0.52 0.48 0.87 0.81 0.69 1.76 2.04 0.86 
I18-
1942 0.43 0.30 0.91 0.77 0.55 2.81 3.01 0.94 
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I18-
1942 0.42 0.34 0.86 0.77 0.59 2.58 2.86 0.90 
I18-
1942 0.48 0.47 0.84 0.81 0.69 1.81 2.20 0.82 
I18-
1942 0.47 0.38 0.88 0.78 0.61 2.23 2.31 0.96 
I18-
1942 0.53 0.47 0.88 0.82 0.69 1.80 1.85 0.97 
I18-
1942 0.56 0.52 0.86 0.86 0.72 1.78 2.10 0.85 
I18-
1942 0.51 0.44 0.88 0.80 0.66 1.98 2.14 0.93 
I18-
1942 0.56 0.44 0.92 0.83 0.66 2.12 2.25 0.94 
I18-
1942 0.49 0.40 0.90 0.81 0.63 2.36 2.54 0.93 
I18-
1942 0.45 0.37 0.87 0.78 0.61 2.36 2.50 0.94 
I18-
1942 0.63 0.58 0.92 0.86 0.76 1.54 1.86 0.83 
I18-
1942 0.48 0.54 0.83 0.80 0.73 1.44 1.73 0.84 
I18-
1942 0.42 0.37 0.85 0.72 0.60 2.07 2.33 0.89 
I18-
1942 0.46 0.45 0.84 0.79 0.67 2.04 2.28 0.90 
I18-
1942 0.48 0.35 0.91 0.80 0.59 2.48 2.71 0.92 
I18-
1942 0.47 0.44 0.87 0.76 0.66 1.83 2.26 0.81 
I18-
1942 0.47 0.36 0.88 0.82 0.60 2.57 2.63 0.98 
I18-
1942 0.48 0.41 0.87 0.78 0.64 2.10 2.28 0.92 
I18-
1942 0.43 0.31 0.89 0.74 0.56 2.55 2.74 0.93 
I18-
1942 0.40 0.35 0.84 0.77 0.59 2.45 2.80 0.88 
I18-
1942 0.49 0.35 0.89 0.80 0.59 2.41 2.65 0.91 
I18-
1942 0.44 0.35 0.86 0.82 0.59 2.59 2.87 0.90 
I18-
1942 0.58 0.52 0.90 0.83 0.72 1.68 1.93 0.87 
I18-
1942 0.44 0.31 0.90 0.77 0.56 2.68 2.86 0.94 
I18-
1942 0.53 0.47 0.88 0.81 0.68 1.88 2.18 0.87 
I18-
1942 0.61 0.62 0.89 0.86 0.79 1.48 1.81 0.82 
I18-
1942 0.43 0.36 0.86 0.76 0.60 2.33 2.55 0.92 
I18-
1942 0.44 0.34 0.88 0.76 0.58 2.51 2.85 0.88 
I18-
1942 0.52 0.63 0.81 0.86 0.79 1.44 1.80 0.80 
I18-
1942 0.56 0.47 0.90 0.81 0.69 1.72 1.84 0.94 
I18-
1942 0.61 0.47 0.92 0.86 0.69 1.90 2.04 0.93 
I18-
1942 0.41 0.31 0.89 0.73 0.56 2.57 2.67 0.96 
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I18-
1942 0.44 0.39 0.86 0.78 0.62 2.29 2.42 0.95 
I18-
1942 0.43 0.38 0.87 0.74 0.62 2.22 2.33 0.95 
I18-
1942 0.46 0.43 0.87 0.75 0.65 1.97 2.36 0.83 
I18-
1942 0.50 0.50 0.84 0.79 0.70 1.67 2.01 0.83 
I18-
1942 0.46 0.49 0.83 0.78 0.70 1.62 1.94 0.84 
I18-
1942 0.38 0.31 0.86 0.70 0.56 2.39 2.68 0.89 
I18-
1942 0.51 0.49 0.87 0.80 0.70 1.85 2.19 0.84 
I18-
1942 0.43 0.30 0.91 0.75 0.55 2.88 2.98 0.97 
I18-
1942 0.47 0.48 0.84 0.77 0.69 1.75 2.16 0.81 
I18-
1942 0.57 0.53 0.90 0.82 0.73 1.60 1.70 0.94 
I18-
1942 0.46 0.35 0.89 0.78 0.59 2.50 2.77 0.90 
K18-
5935 0.46 0.37 0.87 0.79 0.61 2.28 2.49 0.92 
K18-
5935 0.42 0.37 0.85 0.73 0.61 2.18 2.54 0.86 
K18-
5935 0.37 0.31 0.87 0.70 0.56 2.62 2.97 0.88 
K18-
5935 0.57 0.47 0.89 0.85 0.69 1.91 2.28 0.84 
K18-
5935 0.44 0.49 0.82 0.75 0.70 1.66 2.08 0.80 
K18-
5935 0.38 0.28 0.89 0.66 0.53 2.60 2.81 0.93 
K18-
5935 0.56 0.54 0.89 0.85 0.73 1.71 2.12 0.81 
K18-
5935 0.43 0.38 0.84 0.73 0.62 1.87 2.23 0.84 
K18-
5935 0.56 0.55 0.87 0.84 0.74 1.58 2.00 0.79 
K18-
5935 0.49 0.40 0.87 0.81 0.63 2.02 2.29 0.88 
K18-
5935 0.39 0.31 0.87 0.73 0.55 2.59 2.85 0.91 
K18-
5935 0.42 0.32 0.89 0.74 0.57 2.52 2.77 0.91 
K18-
5935 0.47 0.49 0.84 0.75 0.70 1.60 1.83 0.87 
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APPENDIX H: PECH DE L’AZE IV PHYTOLITH CONCENTRATIONS 
 
Note: the following materials represent the Online Resources provided with the article in 
preparation for Vegetation History and Archaeobotany titled “Neanderthal 
pyrotechnology and fuel use: Comparative phytolith analysis at Pech de l’Azé IV and Roc 
de Marsal” co-authored by Kristen Wroth and Paul Goldberg.” 
 
Phytolith concentrations from Pech de l’Azé IV after the rapid extraction method 
Unit ID # Layer X Y Z 
 IW 
(mg) 
Phytoliths in 
16 fields 
Phytoliths in 1 g of 
sediment 
D13 4690 8 1001.44 1011.27 -6.77 51.2 1                9,016  
E11 8231 8 999.90 1010.92 -6.67 56.4 0                   -   
E11 8398 8 999.89 1010.19 -6.88 49.3 1                9,389  
E12 3944 8 1000.81 1010.20 -6.87 53.5 0                   -   
E12 4034 8 1000.39 1010.11 -6.85 56.7 1                8,186  
E13 3023 8 1001.44 1010.28 -6.83 49.8 0                   -   
E13 3120 8 1001.41 1010.77 -6.75 50.1 0                   -   
F11 5937 8 999.89 1009.43 -6.80 55.2 0                   -   
F11 6197 8 999.62 1009.73 -6.87 54.6 1                8,547  
F11 6278 8 999.39 1009.47 -6.82 47.4 0                   -   
F11 6389 8 999.39 1009.60 -6.92 57.8 0                   -   
F12 3246 8 1000.66 1009.90 -6.83 47.9 0                   -   
F12 3362 8 1000.39 1009.84 -6.81 53.7 0                   -   
F12 3363 8 1000.40 1009.53 -6.84 49.3 1                9,529  
F13 1897 8 1001.81 1009.98 -6.92 47.8 0                   -   
F13 2163 8 1001.50 1009.45 -6.79 55.1 0                   -   
F13 2338 8 1001.01 1009.86 -6.83 49.2 2               19,172  
F13 2352 8 1001.07 1009.87 -6.88 51.3 1                9,206  
F13 2371 8 1001.13 1009.86 -6.96 53.1 0                   -   
F14 3565 8 1002.44 1009.08 -6.99 49.7 0                   -   
F14 3649 8 1002.13 1009.10 -6.88 54.2 0                   -   
G12 1080 8 1000.17 1008.81 -6.82 57 1                8,329  
G12 1079 8 1000.48 1008.72 -6.81 50.3 0                   -   
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G14 1943 8 1002.13 1008.69 -6.91 48.9 0                   -   
G14 1713 8 1002.40 1008.75 -7.01 53.1 0                   -   
 
Phytolith concentrations from Pech de l’Azé IV after the sonication extraction method 
Unit ID # Layer X Y Z  IW (mg) 
Phytoliths 
in 16 fields 
Phytoliths in 1 
g of sediment 
D13 4690 8 1001.44 1011.27 -6.77 131 138          503,015  
E11 8231 8 999.90 1010.92 -6.67 102 4           18,725  
E11 8398 8 999.89 1010.19 -6.88 115 22           91,348  
E12 3944 8 1000.81 1010.20 -6.87 117 19           77,543  
E12 4034 8 1000.39 1010.11 -6.85 130 25           91,827  
E13 3023 8 1001.44 1010.28 -6.83 112 19           81,004  
E13 3120 8 1001.41 1010.77 -6.75 132 22           79,583  
F11 5937 8 999.89 1009.43 -6.80 108 19           84,005  
F11 6197 8 999.62 1009.73 -6.87 131 10           36,450  
F11 6278 8 999.39 1009.47 -6.82 116 7           28,815  
F11 6389 8 999.39 1009.60 -6.92 123 12           46,585  
F12 3246 8 1000.66 1009.90 -6.83 98 15           73,087  
F12 3362 8 1000.39 1009.84 -6.81 114 24          100,526  
F12 3363 8 1000.40 1009.53 -6.84 125 108          412,560  
F13 1897 8 1001.81 1009.98 -6.92 119 140          561,765  
F13 2163 8 1001.50 1009.45 -6.79 100 97          463,175  
F13 2338 8 1001.01 1009.86 -6.83 102 125          585,172  
F13 2352 8 1001.07 1009.87 -6.88 113 123          519,757  
F13 2371 8 1001.13 1009.86 -6.96 136 117          410,790  
F14 3565 8 1002.44 1009.08 -6.99 117 14           57,137  
F14 3649 8 1002.13 1009.10 -6.88 119 5           20,063  
G12 1080 8 1000.17 1008.81 -6.82 99 120          578,788  
G12 1079 8 1000.48 1008.72 -6.81 98 87          423,903  
G14 1943 8 1002.13 1008.69 -6.91 131 12           43,740  
G14 1713 8 1002.40 1008.75 -7.01 133 22           78,985  
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APPENDIX I: PECH DE L’AZE IV PHYTOLITH MORPHOTYPES 
 
Note: the following materials represent the Online Resources provided with the article in 
preparation for Vegetation History and Archaeobotany titled “Neanderthal 
pyrotechnology and fuel use: Comparative phytolith analysis at Pech de l’Azé IV and Roc 
de Marsal” co-authored by Kristen Wroth and Paul Goldberg.” 
 
Phytolith morphotypes from Layer 8 of Pech de l’Azé IV   
Layer 8 8 8 8 
Sample no  D13-4690 F12-3362 F12-3363 F13-1897 
Dicot hair   1     
Unciform hair         
Hair base         
Mc Polyhedral         
Jigsaw puzzle 3 1   2 
Tracheid (cylindric sulcate) 1   1   
Discoid echinate         
Discoid rugulate 2     1 
Discoid psilate         
Ellipsoid echinate         
 Ellipsoid psilate         
Ellipsoid rugulate         
Irregular psilate 3 10 20 15 
Irregular rugulate 29 36 22 36 
Irregular verrucate         
Parallelepiped blocky psilate         
Parallelepiped blocky rugulate 2   3 1 
Parallelepiped thin psilate 1 1     
Parallelepiped thin rugulate 1     1 
Platelet         
Spheroid psilate         
Spheroid rugulate 3 1   2 
Cylindroid echinate         
Cylindroid psilate 2       
Cylindroid rugulate 1   1   
Cylindroid sinuous         
Cylindroid laminate         
Long cell corniculate         
Long cell polylobate 3     2 
Long cell sinuous         
Long cell wavy         
Bulliform cell cuneiform 2 3   1 
Bulliform cell parallelipedal 1 2 1   
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Parallelepiped elongate psilate 8 14 19 11 
Parallelepiped elongate rugulate 14 33 23 27 
Parallelepiped elongate psilate mesophyll         
Prickle  6 5   3 
Stomata          
Hair         
Long cell dendritic         
Long cell echinate 1 2   1 
Long cell verrucate         
Papillae 2       
Short cell bilobate 14 12 10 11 
Short cell polylobate 1       
Short cell saddle         
Short cell cross shaped         
Short cells rondel 19 15 14 17 
Short cell rondel tower         
Short cell trapeziform         
Crenate         
Cyperaceae (Sedges)         
Spheroid echinate (Palm)         
Weathered 12 12 9 7 
Melted 2   1   
Fragment 28 23 20 26 
Fusiform diatom         
Rounded diatom         
Sponge spicule          
Microcharcoal Frequent Frequent Frequent Frequent 
Total Identifiable 133 148 124 138 
          
Sample D13-4690 F12-3362 F12-3363 F13-1897 
% Monocot 56 58 55 53 
% Dicot 34 34 37 42 
% Weathered 9 8 7 5 
% Melted 2 0 1 0 
          
% Wood/Bark of total 31 32 36 41 
% Dicot leaves of total 3 1 1 1 
%w/b of dicot 91 96 98 97 
%leaves of dicot 9 4 2 3 
          
%general of total 5 0 1 1 
%GSC of total 26 18 19 20 
% Monocot Inflorescence of total 2 1 0 1 
% Monocot leaves/stems of total 23 39 35 30 
%general of monocot 8 0 1 3 
%GSC of monocot 46 31 35 38 
% Monocot Inflorescence of monocot 4 2 0 1 
% Monocot leaves/stems of monocot 42 66 63 58 
          
% Festucoid 14 10 11 12 
% Panicoid 11 8 8 8 
% Chloridoid 0 0 0 0 
Total Short Cells 34 27 24 28 
%Festucoid of SC 56 56 58 61 
%Panicoid of SC 44 44 42 39 
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Layer 8 8 8 8 
Sample no  F13-2163 F31-2338 F13-2352 F13-2371 
Dicot hair     1   
Unciform hair         
Hair base         
Mc Polyhedral         
Jigsaw puzzle 1     4 
Tracheid (cylindric sulcate)         
Discoid echinate         
Discoid rugulate     3   
Discoid psilate         
Ellipsoid echinate         
 Ellipsoid psilate         
Ellipsoid rugulate         
Irregular psilate 17 9 10 11 
Irregular rugulate 35 31 21 18 
Irregular verrucate         
Parallelepiped blocky psilate         
Parallelepiped blocky rugulate   1   2 
Parallelepiped thin psilate 2       
Parallelepiped thin rugulate     1   
Platelet         
Spheroid psilate         
Spheroid rugulate 1   2   
Cylindroid echinate         
Cylindroid psilate   1     
Cylindroid rugulate       1 
Cylindroid sinuous         
Cylindroid laminate         
Long cell corniculate         
Long cell polylobate     1 1 
Long cell sinuous         
Long cell wavy         
Bulliform cell cuneiform 2 1 4 1 
Bulliform cell parallelipedal 1   1   
Parallelepiped elongate psilate 16 16 19 14 
Parallelepiped elongate rugulate 13 13 17 24 
Parallelepiped elongate psilate mesophyll         
Prickle  5 3   4 
Stomata          
Hair         
Long cell dendritic         
Long cell echinate       1 
Long cell verrucate         
Papillae   1     
Short cell bilobate 13 15 9 12 
Short cell polylobate         
Short cell saddle         
Short cell cross shaped         
Short cells rondel 16 24 26 24 
Short cell rondel tower         
Short cell trapeziform         
Crenate         
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Cyperaceae (Sedges)         
Spheroid echinate (Palm)         
Weathered 7 7 6 8 
Melted   1   2 
Fragment 20 27 24 19 
Fusiform diatom         
Rounded diatom         
Sponge spicule          
Microcharcoal Frequent Frequent Frequent Frequent 
Total Identifiable 129 123 121 127 
          
Sample F13-2163 F31-2338 F13-2352 F13-2371 
% Monocot 51 60 64 65 
% Dicot 43 33 31 28 
% Weathered 5 6 5 6 
% Melted 0 1 0 2 
          
% Wood/Bark of total 43 33 31 24 
% Dicot leaves of total 1 0 1 3 
%w/b of dicot 98 100 97 89 
%leaves of dicot 2 0 3 11 
          
%general of total 0 1 1 2 
%GSC of total 22 32 29 28 
% Monocot Inflorescence of total 0 1 0 1 
% Monocot leaves/stems of total 29 27 34 34 
%general of monocot 0 1 1 2 
%GSC of monocot 44 53 45 44 
% Monocot Inflorescence of monocot 0 1 0 1 
% Monocot leaves/stems of monocot 56 45 53 52 
          
% Festucoid 12 20 21 19 
% Panicoid 10 12 7 9 
% Chloridoid 0 0 0 0 
Total Short Cells 29 39 35 36 
%Festucoid of SC 55 62 74 67 
%Panicoid of SC 45 38 26 33 
 
Layer 8 8 8 8 
Sample no  G12-1080 G12-1079 G14-1713 E11-8398 
Dicot hair         
Unciform hair         
Hair base         
Mc Polyhedral         
Jigsaw puzzle   8 1 2 
Tracheid (cylindric sulcate)         
Discoid echinate         
Discoid rugulate 1 2   1 
Discoid psilate         
Ellipsoid echinate         
 Ellipsoid psilate         
Ellipsoid rugulate         
Irregular psilate 22 22 11 17 
Irregular rugulate 39 46 37 34 
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Irregular verrucate         
Parallelepiped blocky psilate         
Parallelepiped blocky rugulate   1   1 
Parallelepiped thin psilate 1   1   
Parallelepiped thin rugulate     1   
Platelet         
Spheroid psilate         
Spheroid rugulate 1 3   2 
Cylindroid echinate         
Cylindroid psilate       1 
Cylindroid rugulate   1     
Cylindroid sinuous         
Cylindroid laminate         
Long cell corniculate         
Long cell polylobate 2   3   
Long cell sinuous         
Long cell wavy         
Bulliform cell cuneiform   2 1 1 
Bulliform cell parallelipedal 2 1   2 
Parallelepiped elongate psilate 11 12 12 11 
Parallelepiped elongate rugulate 27 17 26 24 
Parallelepiped elongate psilate mesophyll         
Prickle  5 3   4 
Stomata          
Hair         
Long cell dendritic         
Long cell echinate   2   1 
Long cell verrucate         
Papillae         
Short cell bilobate 12 8 9 13 
Short cell polylobate         
Short cell saddle         
Short cell cross shaped         
Short cells rondel 25 18 16 12 
Short cell rondel tower         
Short cell trapeziform         
Crenate         
Cyperaceae (Sedges)         
Spheroid echinate (Palm)         
Weathered 12 12 5 7 
Melted     1   
Fragment 18 27 18 20 
Fusiform diatom         
Rounded diatom         
Sponge spicule          
Microcharcoal Frequent Frequent Frequent Frequent 
Total Identifiable 160 158 124 133 
          
Sample G12-1080 G12-1079 G14-1713 E11-8398 
% Monocot 53 41 54 52 
% Dicot 40 52 41 43 
% Weathered 8 8 4 5 
% Melted 0 0 1 0 
          
% Wood/Bark of total 40 47 40 41 
% Dicot leaves of total 0 5 1 2 
 280 
 
%w/b of dicot 100 90 98 96 
%leaves of dicot 0 10 2 4 
          
%general of total 1 1 2 1 
%GSC of total 23 16 20 19 
% Monocot Inflorescence of total 0 1 0 1 
% Monocot leaves/stems of total 28 22 31 32 
%general of monocot 2 2 4 1 
%GSC of monocot 44 41 37 36 
% Monocot Inflorescence of monocot 0 3 0 1 
% Monocot leaves/stems of monocot 54 55 58 61 
          
% Festucoid 16 11 13 9 
% Panicoid 8 5 7 10 
% Chloridoid 0 0 0 0 
Total Short Cells 37 26 25 25 
%Festucoid of SC 68 69 64 48 
%Panicoid of SC 32 31 36 52 
 
Layer 8 8 
Sample no  E12-4034 E13-3023 
Dicot hair     
Unciform hair     
Hair base     
Mc Polyhedral     
Jigsaw puzzle 1 7 
Tracheid (cylindric sulcate)     
Discoid echinate     
Discoid rugulate   1 
Discoid psilate     
Ellipsoid echinate     
 Ellipsoid psilate     
Ellipsoid rugulate     
Irregular psilate 20 16 
Irregular rugulate 39 37 
Irregular verrucate     
Parallelepiped blocky psilate     
Parallelepiped blocky rugulate     
Parallelepiped thin psilate   1 
Parallelepiped thin rugulate 1   
Platelet     
Spheroid psilate     
Spheroid rugulate   2 
Cylindroid echinate     
Cylindroid psilate     
Cylindroid rugulate     
Cylindroid sinuous     
Cylindroid laminate     
Long cell corniculate     
Long cell polylobate 1 1 
Long cell sinuous     
Long cell wavy     
Bulliform cell cuneiform 3   
Bulliform cell parallelipedal     
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Parallelepiped elongate psilate 18 19 
Parallelepiped elongate rugulate 19 35 
Parallelepiped elongate psilate mesophyll     
Prickle  5 4 
Stomata      
Hair     
Long cell dendritic     
Long cell echinate     
Long cell verrucate     
Papillae 1   
Short cell bilobate 8 16 
Short cell polylobate     
Short cell saddle     
Short cell cross shaped     
Short cells rondel 20 15 
Short cell rondel tower     
Short cell trapeziform     
Crenate     
Cyperaceae (Sedges)     
Spheroid echinate (Palm)     
Weathered 8 12 
Melted     
Fragment 18 25 
Fusiform diatom     
Rounded diatom     
Sponge spicule      
Microcharcoal Frequent Frequent 
Total Identifiable 144 166 
      
Sample E12-4034 E13-3023 
% Monocot 52 54 
% Dicot 42 39 
% Weathered 6 7 
% Melted 0 0 
      
% Wood/Bark of total 42 34 
% Dicot leaves of total 1 4 
%w/b of dicot 98 89 
%leaves of dicot 2 11 
      
%general of total 1 1 
%GSC of total 19 19 
% Monocot Inflorescence of total 1 0 
% Monocot leaves/stems of total 31 35 
%general of monocot 1 1 
%GSC of monocot 37 34 
% Monocot Inflorescence of monocot 1 0 
% Monocot leaves/stems of monocot 60 64 
      
% Festucoid 14 9 
% Panicoid 6 10 
% Chloridoid 0 0 
Total Short Cells 28 31 
%Festucoid of SC 71 48 
%Panicoid of SC 29 52 
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